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CHAPTER I: INTRODUCTION AND DISSERTATION ORGANIZATION 
 
General Introduction 
 
Biotin-dependent carboxylases catalyze the adenosine-triphosphate (ATP)-dependent 
carboxylation of a substrate to form a carboxylated “chemically activated” product. They 
comprise a diverse family of enzymes found in nearly all forms of life. Examples include the 
heteromeric (ht) and homomeric (hm) forms of acetyl-coenzyme A (CoA) carboxylase 
(ACC), 3-methylcrotonyl-CoA carboxylase (MCC), geranyl-CoA carboxylase (GCC), 
propionyl-CoA carboxylase (PCC), which is sometimes referred to as acyl-CoA carboxylase, 
and the CoA-independent pyruvate carboxylase (PC). These enzymes can be found in a 
number of subcellular locations in eukaryota and are involved in a number of metabolically 
diverse pathways.  
The two enzymes that are the focus of this dissertation are htACC and MCC from 
Arabidopsis thaliana (Arabidopsis). In contrast to the large cytosolic hmACC that contains 
all functional domains on a single peptide in Arabidopsis, htACC is a multimeric enzyme 
comprised of four subunits located in the plastid that catalyzes the carboxylation of acetyl-
CoA to malonyl-CoA (Figure 1). This malonyl-CoA pool is then utilized by the fatty acid 
synthase (FAS) system for de novo fatty acid biosynthesis generating saturated fatty acids up 
to 18 carbons in length in a reiterative cycle (Figure 2).  The four subunits of htACC include 
biotin carboxylase (BC), which catalyzes the ATP dependent carboxylation of biotin. The 
biotin carboxyl-carrier protein (BCCP) subunit contains a conserved lysine, which is 
biotinylated and acts as the intermediate in the reaction. The final component is the 
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carboxyltransferase (CT), which is comprised of an alpha (α) and beta (β) subunit in 
Arabidopsis and catalyzes the transfer of the carboxyl group from biotin to acetyl-CoA. 
Multiple isoforms have been identified in planta for the BCCP subunit, specifically 
two in Arabidopsis (BCCP1 and BCCP2) (Thelen 2001). Recently, three additional putative 
BCCP isoforms have been identified as BCCP-like (BCCPL) proteins. T-DNA insertion gene 
knockout studies in Arabidopsis demonstrated that at least BCCPL1 or BCCPL2 must be 
present for the plant to grow (Ding 2008). The biochemical repercussions of these isoforms 
on the holo-enzyme are not clear. In addition to the diversity of BCCP proteins, the plastid 
encoded accD gene undergoes post-transcriptional modification resulting in a serine to 
leucine point mutation at amino acid residue #265 of CTβ. Though thought to play a role in 
regulating htACC, the biochemical repercussions of this point mutation on the structure and 
activity of htACC are not clear (Robbins 2001). 
Like htACC, MCC is also a biotin containing heteromeric enzyme. However MCC is 
targeted to the mitochondria where it catalyzes the carboxylation of 3-methylcrotonyl-CoA to 
3-methylglutaconyl-CoA. This reaction is part of the catabolism of leucine and also is 
thought to provide a link between leucine catabolism and the mevalonate shunt (Figure 3).  In 
contrast to htACC, MCC is encoded by only two genes. The first gene, MCCA, encodes an 
80 kDa biotin containing subunit (MCCA). In addition to the BCCP domain, MCCA also has 
a domain that is homologous to BC. The second gene, MCCB, encodes a 64 kDa subunit with 
homology to the CT domain. No isoforms have been identified for MCC in Arabidopsis; 
however, a splice-variant has been identified in MCCA that results in either the inclusion or 
exclusion of a 60 nucleotide long 6
th
 exon (also referred to as exon 5b) (Figure 4). These 
splice variants result in a proteins either containing or lacking twenty amino acids. These 
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genes will here forth be referred to as MCCAL (includes exon 6) and MCCAS (excludes exon 
6) and the gene products MCCAL and MCCAS respectively. Similar to the BCCP isoforms 
in htACC, the biochemical repercussions of these MCCA isoforms on holo-MCC are unclear. 
 
Background and Significance 
 
Biosynthesis of fatty acids 
In almost all organisms, with the possible exception of parasitic bacteria, the enzyme 
FAS assembles fatty acids. In yeast and animals a large multifunctional enzyme known as a 
Type I FAS, catalyzes fatty acid synthesis (Singh 1985, Chang 1989, Smith 1994). In plants 
and most bacteria, fatty acid synthesis is catalyzed by a multi-component Type II FAS 
system (Rock 1996, Rawsthorne 2002). In both Type I and Type II FAS enzyme systems, 
malonyl-CoA is transferred to an acyl carrier protein (ACP) that primes the system. Malonyl-
ACP is condensed with acetyl-CoA by β-ketoacyl-ACP synthase to produce the β-keto 
product acetoacetyl-CoA. The β-keto is reduced to the alcohol by β-ketoacyl-ACP reductase. 
This hydroxyl intermediate is dehydrated by β-hydroxyacyl dehydratase producing a trans-
Δ2-enoyl-ACP. A third reduction catalyzed by enoyl-ACP reductase produces the four carbon 
saturated acyl-ACP, butyryl-ACP (Figure 2). Reiteration of this process continues until the 
acyl chain reaches sixteen or eighteen carbons. Regardless of the FAS system, the fatty acids 
produced in nearly all organisms rely on the malonyl-CoA pool generated by ACC. 
Origins of acetyl-CoA 
There are three possible pathways for acetyl-CoA production, namely ATP-citrate 
lyase (ACL), pyruvate dehydrogenase (PDH), and acetyl-CoA synthetase (ACS). In plants, 
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historically it was thought that acetyl-CoA was produced from acetate via the ATP-
dependent ACS (Kuhn et. al. 1981). More recently it was found that suppression of ACS via 
antisense RNA in Arabidopsis did not appear to affect plant growth or morphology (Nikolau 
2000). Furthermore, it was found that the fatty acid amounts and compositions were 
unchanged. This leaves either ACL or PDH as alternative routes for the majority of acetyl-
CoA synthesis. By correlating the expression of genes encoding ACL and PDH with genes 
that encode htACC, it was found that PDH correlated most highly with ACC during seed 
germination but not with ACL (and ACS) (Nikolau 2000). In a related study, it was found 
that ACL is cytosolic and responsible for generating acetyl-CoA to be used in fatty acid 
elongation and generating secondary phytochemicals (Fatland 2000). Recently, studies done 
on T-DNA knockouts in ACS1 exhibited retarded development but showed no change in fatty 
acid amounts or composition (Lin 2008) suggesting that ACS may be expressed during early 
stages of germination when stored lipids are being oxidized. It has been proposed that ACS 
may provide a bypass to PDH in the plastids and may provide a means for detoxification of 
the products of aerobic fermentation (ethanol, acetoacetate, and acetate). In summary, it has 
been shown that PDH is the major contributor of acetyl-CoA in the plastid, ACL generates 
acetyl-CoA in the cytosol, and that ACS provides a response mechanism in certain 
tissues/organs such as pollen traveling down the style or oxygen deprived roots. 
Generation of malonyl-CoA pools 
The first committed step to fatty acid synthesis, which is also considered the rate-
limiting step, is the carboxylation of acetyl-CoA to form malonyl-CoA catalyzed by ACC. 
This makes the understanding of ACC structure and function paramount to the understanding 
of the regulation of fatty acid production. 
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There are two major types of ACC responsible for generating malonyl-CoA. Type I 
ACC is a large homomeric multifunctional enzyme found in animals, yeast, and the plant 
cytosol. Type II ACCs are large multi-subunit complexes, which can be found in prokaryotes 
and the plastids of dicotyledonous plants. It should be noted that the grasses (monocots) only 
have type I ACCs, which can be found in both the cytosol and plastids. Both type I and type 
II ACC contain three functional domains, BC, BCCP, and CT. Holo-BCCP is generated via 
holocarboxylase synthetase (also known as biotin protein ligase) that covalently links biotin 
to a conserved lysine residue in an ATP dependent reaction. 
In Arabidopsis, BCCP is nuclear encoded by two different genes (CAC1A, 
At5g16390 and CAC1B, At5g15530). Additionally, three BCCP like genes have been 
identified (BCCPL1 (At1g52670), BCCPL2 (At3g15690), and BCCPL3 (At3g56130)) based 
on homology to CAC1A. Although annotated as “biotin/lipoyl attachment domain-containing 
protein”, they appear to not contain either cofactor (Ding 2008). Furthermore, single T-DNA 
knockouts in BCCPL1, BCCPL2, and BCCPL3 show no visible phenotype while 
BCCPl1/BCCPL2 double knockouts are lethal. BCCPL1/BCCPL3 and BCCPL2/BCCPL3 
double knockouts showed no growth phenotypes (unpublished). Currently it is unclear if any 
of these proteins interact with any of the biotin-dependent carboxylases or what function 
these interactions may serve. 
The other two domains of htACC carry out the catalytic half reactions. BC in 
Arabidopsis is nuclear encoded by the gene CAC2 (At5g35360). CT in dicotyledonous plants 
is divided into α and β subunits. CTα is nuclear encoded by the gene CAC3, At2g38040. CTβ 
is encoded in the plastome by the gene ACCD, AtCg00500, which was identified and named 
by its homology to the CTβ subunit in E. coli. 
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Genetic and molecular characterization of htACC 
The Stumpf group began studying ACC in plants in the 1960’s. They found that 
whole plant and chloroplast extracts showed ACC activity.  When genomic data became 
readily available, the cDNA for the subunits of htACC were first cloned and characterized 
(Choi 1995, Elborough 1996, Sun 1997) 
Two distinct forms of ACC have been identified: heteromeric and homomeric forms 
(Harwood 1988, Li 1992a, Li 1992b). Heteromeric ACC was first isolated from E. coli where 
it was shown that only one subunit was biotinylated (Guchhait 1974). Interestingly, the non-
biotinylated subunits could carry out the half reactions in the absence of the biotinylated 
subunit if free biotin was supplemented. This indicated that each of the non-biotinylated 
subunits contained a binding site for biotin that did not require the presence of BCCP for 
activity.  
In 2001 it was discovered that the Brassicaceae family, which includes Arabidopsis 
thaliana, express multiple isoforms of BCCP (Thelen 2001). These isoforms seem to express 
in a tissue specific manner. Within Arabidopsis two isoforms were identified as BCCP1 and 
BCCP2. Both isoforms were found to be biotinylated. The BCCP1 gene (CAC1A) is 
expressed throughout all tissues of the plant, while BCCP2 (CAC1B) is expressed only in the 
reproductive tissues (i.e. siliques, and seeds) (Thelen 2001). T-DNA knockouts of CAC1A 
are embryo lethal while CAC1B knockouts show no phenotype (Li 2005). Fatty acid 
composition of plants expressing CAC1A antisense RNA showed a reduction in leaf and seed 
fatty acid accumulation while CAC1B antisense plants showed no change in fatty acid 
composition (Li 2005). This evidence suggests that perhaps BCCP1 is required throughout 
all plant tissues for fatty acid biosynthesis, while BCCP2 is dispensable. 
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Leucine catabolism and other roles for MCC 
The catabolism of branched chain amino acids plays an important role in the control 
of carbon flux from proteins towards carbohydrate and fatty acid metabolism. This 
dissertation will focus on the MCC-dependent catabolism of leucine, which occurs in the 
mitochondria of plants, animals, and fungi and in some bacteria (Lau 1980, W.D. Nes and 
Bach 1985, Bach 1995). It should be noted however that plants are capable of catabolizing 
leucine via an MCC-independent pathway in the peroxisome in a pathway that is thought to 
be similar to β-oxidation (Gerbling 1988, Gerbling 1989, Gerbling 1993). 
Leucine catabolism occurs via a six-reaction process with MCC responsible for the 
4
th
 reaction (Figure 3). It begins with the removal of the amine group via leucine 
transaminase forming α-ketoisocaproic acid. This acid is then activated by acylation to CoA 
via α-ketoisocaproate dehydrogenase, which reduces nicotinamide adenine dinucleotide 
(NAD
+
) and generates CO2. The third reaction is the oxidation of isovaleryl-CoA coupled 
with the reduction of flavin adenine dinucleotide (FAD) generating FADH2 and 3-
methylcrotonyl-CoA. The fourth reaction, catalyzed by MCC, is the Mg-ATP-dependent 
carboxylation of 3-methylcrotonyl-CoA forming 3-methylglutaconyl-CoA. The fifth reaction 
is the hydration across the double bond of 3-methylglutaconyl-CoA forming 3-hydroxy-3-
methylglutaconyl-CoA. The final reaction in leucine catabolism is the cleavage of the 
carbon-carbon bond coupled with the oxidation of the hydroxyl group that generates 
acetoacetate and acetyl-CoA. Acetyl-CoA can then be utilized in one of several metabolic 
processes, namely the TCA cycle where acetyl-CoA can be oxidixed to CO2 generating of 
ATP. In plants, fungi, and bacteria, acetyl-CoA could be utilized by the glyoxylate cycle 
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where acetyl-CoA from branched chain amino acid catabolism and fatty acid oxidation can 
be used for carbohydrate synthesis. 
Additionally, MCC is thought to provide a link to the mevalonate shunt and 
isoprenoid catabolism generating even more acetyl-CoA (Figure 3). This central role MCC 
plays in controlling carbon flux within the mitochondria makes it an interesting enzyme to 
study. 
Genetic and molecular characterization of MCC 
The study of MCC began in bacteria during the mid 1970’s. Initial experiments found 
that MCC was comprised of two unique subunits of 78 kDa and 90 kDa (Schiele 1975) the 
latter of which was found to be biotinylated. They also found that the holo-enzyme was likely 
an α4/β4 configuration with a molecular weight of over 700 kDa. Furthermore, the large 
biotinylated subunit had the ability to form carboxybiotin but the smaller subunit alone 
showed no catalytic activity. Dissociation of the subunits was limited in the presence of 3-
methylcrotonyl-CoA (Schiele 1975). 
The study of MCC increased when it was found to be associated with the disease 
methylcrotonylglycinuria, commonly known as maple syrup urine disease. The disease is 
caused by an inborn deficiency of MCC activity (Finnie 1976; Weyler 1977). Early detection 
is vital and advances in post natal metabolite screening with tandem MS/MS on newborns 
has made detection commonplace in developed countries (van Hove 1995; Gibson 1998). 
Currently, the only treatment is a strict regimen of a near protein-free diet high in fats and 
carbohydrates. If left untreated, this disease can lead to coma or death in infants. In 2001, 
Gallardo et al. studied the genetic background of seven patients with 
methylcrotonylglycinuria and found six different mutations in MCCA and MCCB, which 
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resulted in either a frame shift, a skipped exon, or a single amino acid substitution. 
Interestingly, all the patients were found to have biotinylated MCCA (Gallardo 2001) 
indicating that changes away from the site of biotinylation could affect the enzyme’s 
structure in a way that inactivates it.  
Due to this interest in human health, MCC was first isolated from bovine kidney (Lau 
1980). Isolation of the plant MCC however did not begin until the 1990’s. MCC was isolated 
from Pisum sativum (pea) leaf, Solanum tuberosum (potato) tuber (Alban 1993) and from the 
somatic cells of Daucus carota (carrot) (Chen 1993). Alban et al. found that in both pea and 
potato there was a large (74-76 kDa) biotinylated subunit and a smaller (53-54 kDa) subunit 
with a holo-enzyme of about 500 kDa consistent with an α4/β4 configuration. Chen et al. 
found that carrot holo-MCC had a molecular weight of 987 kDa with each subunit consisting 
of 78 kDa and 65 kDa. This would indicate a higher degree of oligomerization of possibly 
α6/β6. Subsequent purification from Zea mays suggested MCC exists in an α6/β6 
conformation (Diez 1994). This study also found that magnesium was required as an 
activator and that ATP alone was an inhibitor. It was also suggested that cysteine and 
arginine residues may play important roles in MCC structure or catalysis as chemical 
modification of these residues inhibited activity (Diez 1994). 
The ORF encoding the biotinylated subunit, MCCA (At1g03090) was first cloned and 
characterized from Arabidopsis in 1995 (Weaver 1995).  The non-biotinylated subunit, 
MCCB (At4g34030) was subsequently cloned and characterized from Arabidopsis (McKean 
2000). In this comprehensive study, they reported the genomic structure of MCCB as well as 
the mRNA expression levels in both growing plants and developing siliques. They found that 
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both MCCA and MCCB are expressed at equal molar levels throughout all plant tissues and 
all development stages analyzed.  
In 2002, Che et al. found that MCCA expression increased in a response to a 2-day 
dark treatment in both the aerial and root portions of the plant. This induction could be 
suppressed by introducing carbohydrates such as sucrose. This indicates that the major role 
for MCC in plants is to maintain carbon equilibrium. A later study found a correlation 
between biotin levels and MCC expression (Che 2003). When biotin biosynthesis is blocked 
at the BIO1 locus, both MCCA and MCCB proteins hyper-accumulate unless supplied with 
exogenous biotin. Interestingly, MCCA expression was reduced while MCCB was 
unchanged, indicating that biotin has the potential to act as an activator for gene transcription 
in biotin-dependent enzymes. It can be concluded that MCC expression is predominantly 
controlled at the transcription level by factors such as response to dark, carbohydrate levels, 
and the presence or absence of biotin.  
More recently, it was discovered that two distinct mRNAs exist for MCCA both 
originating from the ORF At1g03090, one that contains an exon after exon 5, dubbed exon 
5b (Ding 2008). This is known as MCCAL. Additional work using quantitative RT-PCR 
showed that the long variant (MCCAL) is present at a higher molar ratio (~80% of total 
MCCA mRNA) suggesting that the short variant (MCCAS) may be the result of error within 
the spliceosome machinery (Ding 2008). The biochemical repercussions (if any) of the 
presence of a truncated MCCA protein on holo-MCC are unclear. 
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Dissertation Organization 
 
This dissertation is organized into four chapters and one appendix. The first chapter 
provides a general introduction to fatty acid synthesis including the generation of acetyl-CoA 
and malonyl-CoA pools, the genetic and molecular characterization of htACC, as well as 
leucine catabolism and the genetic and molecular characterization of MCC. The purpose of 
chapter I is to set the context for the research described in chapters II and III.  
Chapter II describes structural studies performed on htACC and MCC. This includes 
molecular modelling performed on all subunits within htACC and MCC, the cloning and 
expression of htACC and MCC ORFs from previously isolated ORFs (Dr. Che, Dr. Xu, Dr. 
Ding, Dr. Ke, Dr. Sun, and Dr. Weaver) and subsequent purification of expressed proteins. 
Purified proteins were characterized using non-denaturing PAGE, size exclusion FPLC, 
analytical ultracentrifugation, and mass spectroscopy. Mass spectroscopy experiments were 
performed by Timothy Anderson, a graduate student with Dr. Houk’s group in the Chemistry 
Department of Iowa State University with guidance from Dr. Perera (FT-ICR mass 
spectroscopy at the W.M. Keck Metabolomics Research Laboratory, Iowa State University, 
Ames, IA). All remaining experiments were performed by me. 
Chapter III describes differential scanning fluorimetry (thermal shift assays) and the 
development of kinetic assays performed on htACC. Additionally, mutagenesis studies on 
the three BCCPL proteins were conducted and characterized in chapter III. Thermal shift and 
kinetic assay experiments described in chapter III were performed by me. BCCPL 
experiments were performed by me as a continuation of experiments performed by Dr. Ding. 
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The final chapter contains general conclusions from the studies described in chapters 
II and III. 
The appendix contains information on a series of complementation studies perfomed 
with Arabidopsis htACC in E. coli that were not included in chapter II and chapter III. 
This dissertation was under the guidance, supervision, and support of my major 
professor Dr. Basil J. Nikolau. 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Both half reactions for a generic biotin-dependent carboxylase. The reaction is 
driven forwards by the hydrolysis of ATP by biotin carboxylase. (e.g. The substrate acetyl-
CoA is converted to the product malonyl-CoA by ACC while the substrate 3-methylcrotonyl-
CoA is converted to the product 3-methylglutaconyl-CoA by MCC). 
  
Substrate Product 
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Figure 2: Reiterative cycle for fatty acid biosynthesis. Abbreviations are as follows: ACCase, 
acetyl-CoA carboxylase: MCAT, Malonyl-CoA-ACP transacylase; KAS, keto-acyl synthase; 
βKR, keto-acyl reductase; DH, dehydratase; ENR, enoyl reductase; SD, stearoyl-ACP 
desaturase; TE thioesterase (From Slabas 2002) 
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Figure 3: Eukaryotic leucine catabolism including the mevalonate shunt and isoprenoid 
catabolism. The enzymes of leucine catabolism are:(1) branched-chain amino acid 
aminotransferase, (2) Branched-chain -keto acid dehydrogenase complex, (3) branched-
chain acyl-CoA dehydrogenase, (4) MCC, (5) 3-methylglutaconyl-CoA hydratase, and (6) 
hydroxymethylglutaconyl-CoA lyase.(From Anderson 1998) 
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Figure 4: MCCA isoforms. Top panel shows the intron and exon organization with 
approximate location of the coding region for the biotinylated lysine (from TAIR). Bottom 
panel shows an amino acid alignment of both isoforms in the region surrounding exon 6 
(exon 5b).  
(5b) 
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CHAPTER II: STRUCTURAL ANALYSIS OF ACETYL-COA CARBOXYLASE 
AND 3-METHYLCROTONYL-COA CARBOXYLASE FROM ARABIDOPSIS 
THALIANA 
 
Abstract 
 
In contrast to the large homomeric acetyl-CoA carboxylase (hmACC), heteromeric 
acetyl-CoA carboxylase (htACC) is encoded by four genes each encoding a separate subunit 
namely biotin carboxylase (BC), biotin carboxyl carrier protein (BCCP), and alpha and beta 
subunits of carboxyltransferase (CTα and CTβ respectively). htACC is found in bacteria and 
the plastids of dicots. Regardless of the species or subcellular location, ACC catalyzes the 
conversion of acetyl-CoA to malonyl-CoA. This malonyl-CoA can then be utilized for de 
novo fatty acid biosynthesis, fatty acid elongation, or secondary metabolism such as 
polyketide biosynthesis. Arabidopsis thaliana (Arabidopsis) htACC contains natural 
structural diversity that is the focus of this chapter. Two isoforms of BCCP have been 
identified (CAC1A, At5g16390 encodes BCCP1, CAC1B, At5g15530 encodes BCCP2). In 
addition to BCCP isoforms, RNA-editing within the plastome encoded ACCD (AtCg00500 
encoding CTβ) results in serine to leucine point mutation at amino acid residue #265. This 
chapter reports advancements made in the understanding of the structural diversity within 
Arabidopsis htACC at both BCCP and CTβ achieved through a combination of techniques 
including in silico molecular modeling, non-denaturing (native) polyacrylamide gel 
electrophoresis (PAGE), gel filtration, circular dichroism, ultracentrifugation, and mass 
spectrometry. Additionally, an evolutionarily related biotin carboxylase, 3-methylcrotonyl-
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CoA carboxylase (MCC), from Arabidopsis involved in leucine catabolism is included in this 
study. MCC is composed of two subunits (MCCA, encoded by MCCA (At1g03090) and 
MCCB, encoded by MCCB (At4g34030)). MCCA contains both BC and BCCP domains 
while MCCB contains CT functionality.  MCC is of interest because it may contain a mixture 
of two forms of MCCA that are the result of alternative splicing of RNA from the gene 
MCCA. This leads to either the inclusion or exclusion of the sixty nucleotide long 6
th
 exon in 
Arabidopsis (MCCAL and MCCAS respectively). At exactly sixty nucleotides in length, 
alternative splicing does not create a frame shift resulting in a premature stop codon but 
instead encodes an additional twenty amino acids in the “full length” MCCAL isoform. This 
chapter through in silico and heterologous expression in E. coli discusses the importance of 
the twenty amino acids present in MCCAL that may function to form a stabilizing α-helix 
distal to the BC catalytic active site on MCCA. 
 
Introduction 
 
Biotin-dependent carboxylases catalyze the ATP-dependent carboxylation of a 
diverse set of primary and secondary metabolites to form carboxylated chemically active 
products. All biotin-dependent carboxylases share three common domains that catalyze the 
two half reactions. The first half reaction is catalyzed by biotin carboxylase (BC) where  the 
hydrolysis of ATP to ADP and free phosphate (Pi) drives the carboxylation of protein bound 
biotin via a covalent bond to a conserved lysine on biotin carboxyl carrier protein (BCCP). 
The second half reaction is catalyzed by carboxyltransferase (CT) where the carboxyl group 
bound to the distal nitrogen of biotin-BCCP is transferred to substrate to form product. 
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Although both half reactions have been found to be active in the presence of free biotin, 
catalytic efficiency is greatly enhance (2000-8000 fold) in the presence of holo-BCCP 
(BCCP-biotin) (Blanchard 1999). 
 
1
st
 half reaction:    HCO3
-
 + ATP + BCCP-biotin  BCCP-biotin-CO2
-
 + ADP + Pi 
2
nd
 half reaction:   BCCP-biotin-CO2
-
 + X-S-CoA  BCCP-biotin + CO2
-
-X-S-CoA  
Overall:       HCO3
-
 + ATP + X-S-CoA  CO2--X-S-CoA + ADP + Pi 
 Where X represents an acyl carboxylic acid (acetyl-, propionyl-, 3-methyl-crotonyl-, etc.) 
 
Included in this family of carboxylases is acetyl-CoA carboxylase (ACC) [EC 
6.4.1.2] that catalyzes the carboxylation of acetyl-CoA to produce malonyl-CoA for de novo 
fatty acid biosynthesis, very long chain fatty acid elongation, and polyketide/isoprenoid 
biosynthesis. Additionally, 3-methylcrotonyl-CoA carboxylase (MCC) [EC 6.4.1.4] catalyzes 
the carboxylation of 3-methylcrotonyl-CoA to 3-methylglutaconyl-CoA as part of leucine 
catabolism. These two enzymes will be the focus of this chapter of the dissertation. 
Additional examples of biotin-dependent carboxylases include Geranyl-CoA carboxylase 
(GCC) [EC 6.4.1.5] involved in isoprenoid catabolism, pyruvate carboxylase (PC) (the only 
known enzyme in this family that does not require CoA as a cofactor)  [EC 6.4.1.1], which 
can generate oxaloacetate from pyruvate for use by either gluconeogenesis or the citric acid 
cycle (TCA), and propionyl-CoA carboxylase (PCC) [EC 6.1.4.3], which is sometimes 
referred to as an acyl-CoA carboxylase due to its varying degree of substrate specifity for 
acetyl-CoA, propionyl-CoA, and to a lesser extent butyryl-CoA. 
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The quaternary organization of the functional domains (BC, BCCP, and CT) within a 
given biotin-dependent carboxylase varies depending on the carboxylase of interest, the 
organism it originates from, and in some cases its subcellular location. One prime example of 
this is ACC, which can exist as a large homomeric (hm) enzyme that contains all the 
functional domains on a single polypeptide or a multisubunit heteromeric (ht) enzyme that 
consists of individual proteins, which comprise each functional domain, often having the CT 
domain divided further into two subunits (α and β) (Figure 1 A and B). The homomeric form 
can be found in animals, yeast, and plant cytosol. The heteromeric form can be found in 
prokaryotes and the plastids of dicotyledonous plants (monocotyledonous plants have a 
homomeric form in both their cytosol and plastid). Heteromeric ACC (htACC) is the major 
focus of this chapter. Intermediate biotin-dependent carboxylases also exist that are divided 
into two proteins where typically BC and BCCP are located on an α subunit and CT 
functionality is located on a β subunit (Figure 1 C). Examples of intermediate biotin-
dependent carboxylases include MCC, GCC, and PCC. MCC comprises a minor portion of 
this chapter. 
In addition to differences in quaternary organization, variation exists between 
organisms in the oligomeric organization that are not depicted in Figure 1. For example 
hmACC has been shown to function as a homodimer of molecular weight ~500kDa (Egin-
Buhler 1983). The oligomeric organization of htACC varies from organism to organism and 
has proven difficult to determine due to the dissociable nature of the htACC complex (Fall 
1972, Volpe 1976, Choi-Rhee 2003, Li 2005). For example, htACC in E. coli shows 
(BC)2(BCCP)4(CTα-CTβ)2 stoichiometry but dissociates into BC dimers, BCCP dimers and 
CTα-CTβ dimers (Choi-Rhee 2003). Little is known about plant htACC stoichiometry but 
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may follow (BC)2(BCCP)4(CTα-CTβ)2 similar to bacteria that were supported by extractions 
from pea plant (Sasaki 1993, Sasaki 1997). A recent study found that htACC from 
Arabidopsis may be as large as 0.8-1 MDa indicating the possibility of a 
(BC)4(BCCP)8(CTα-CTβ)4 configuration (Olinares 2010). 
Similarly, MCC has been characterized as an α4/β4 heterooctamer in Achromobacter 
(Schiele 1975) and pea plant (Alban 1993) and an α6/β6 hetero-12-mer in carrot (Chen 1993) 
and maize (Diez 1994). The commonality between these studies is that all the subunits exist 
in a minimum of a dimer and further oligomerization occurs in increments of two. To date 
the best crystal structure of a holo-enzyme of any heteromeric acyl-CoA carboxylase is that 
of MCC from Pseudomonas aeruginosa that was shown to be in α6/β6 stoichiometry (Huang 
2012). A further understanding of the exact quaternary structure and the amino acids 
responsible for protein-protein interaction of htACC subunits may help guide in the creation 
of antibiotics (bacterial htACC) or herbicides (plant htACC).   
In Arabidopsis (and other Brassicaceae) multiple isoforms have been identified of 
BCCP specifically BCCP1, BCCP2, and three BCCP-like (BCCPL) proteins (Ke 1997, 
Thelen 2001, Ding 2008). Genetic and molecular biological studies done in vivo have 
indicated that BCCP2 is only expressed in the seeds and siliques and is dispensable (Li 
2005). The BCCPL isoforms have been found to not be biotinylated but are required for 
growth (Ding 2008). Furthermore, all three BCCPLs have been shown to potentially be part 
of a megadalton (MDa) htACC complex (Olinares 2010). BCCPL function within htACC is 
still unknown. An additional point of htACC regulation in Arabidopsis has been shown to be 
through RNA editing of the ACCD gene within the plastome that leads to a serine to leucine 
point mutation in CTβ at amino acid residue #265 (Robbins 2009). Although studies of these 
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two examples of diversity have been studied in vivo at the genetic level, the structural 
biochemical repercussions of these protein isoforms are yet unknown. 
MCC in Arabidopsis also has genetic diversity within MCCA. In what to date seems 
to be unique to Arabidopsis thaliana, MCCA possesses a 60 nucleotide exon (exon 5b) that is 
skipped by the spliceosome machinery ~20% of the time resulting in MCCAL (contains exon 
5b) and MCCAS (lacks exon 5b) splice variants in vivo (Ding 2008). The structural 
repercussions of these splice variants on a holo-MCC are unclear. 
This chapter describes advancements made in the understanding of the structural 
organization of htACC subunits from Arabidopsis using a heterologous approach in E. coli.  
Specifically, oligomers larger than dimer are identified for each subunit supporting the 
potential for a larger MDa htACC structure. Also described in this chapter are similarities 
and differences in structure (both secondary and tertiary) found between BCCP isoforms and 
CTβ point mutations resulting from RNA editing using both an in silico and bench top 
approaches. Specifically, differences in the hydrophobicity of BCCP1 and BCCP2 isoforms 
are explored and it is shown that the interaction between CTα and CTβ is enhanced when 
CTα binds to CTβS265L and two new copopulations appear. Additionally, MCCA splice 
variants were compared in silico. Here I propose that the lack of a twenty amino acid alpha 
helix distal to the BC active site on MCCAS creates an unstable tertiary structure of MCCA 
and that only the MCCAL isoform is stable in a holo-MCC complex. 
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Materials and Methods 
 
Molecular modeling 
To generate structural models, individual subunits were subjected to the molecular 
modeling program I-TASSER http://zhanglab.ccmb.med.umich.edu/I-TASSER/ (Zhang 
2008, Zhang 2009, Roy 2010). I-TASSER server was chosen for molecular modeling 
because it has ranked 1
st
 in CASP7, CASP8, CASP9, and CASP10. The Critical Assessment 
of Techniques for Protein Structure Prediction (CASP) is the benchmark standard for 
measuring the accuracy of protein structure prediction algorithms from the international 
community (Protein Structure Prediction Center, http://predictioncenter.org). Based on 
truncation design experiments described below, biotin carboxylase (BC) was modeled 
starting from amino acid 71 (cysteine), biotin carboxyl-carrier protein isoform 1 (BCCP1) 
was modeled from amino acid 81 (proline), while biotin carboxyl-carrier protein isoform 2 
(BCCP2) was modeled from amino acid 88 (glutamate). Carboxyltransferase subunit alpha 
(CTα) was modeled from amino acid 55 (serine) while the entire carboxyltransferase subunit 
(CTβ) was modeled containing either a serine or leucine at amino acid position #265. 3-
methylcrotonyl-CoA carboxylase subunit A (MCCA) was modeled in both its short and long 
isoforms (MCCAS, MCCAL respectively) from amino acid 31 (methionine). Additionally, 
models of the of BC domain of MCCAS and MCCAL were modeled separately from the 
BCCP domain starting at amino acid 31 (methionine) and ending with amino acid 503 
(alanine, based on the long isoform). 3-methylcrotonyl-CoA carboxylase subunit B (MCCB) 
was modeled from amino acid 30 (serine). I-TASSER generated between three and five 
models with the majority of queries yielding five models. Confidence scores (C-scores) 
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generated by I-TASSER predict the quality of each model and were used to choose models to 
be further analyzed. Chosen models were viewed using PyMOL (Schrödinger, LLC).  
Truncation of transit peptides 
Escherichia coli (E. coli) was chosen as the heterologous host to express and/or co-
express subunits for both htACC and MCC. Due to their native subcellular localization in 
plastids and mitochondria (htACC and MCC respectively), transit peptides for the individual 
subunits were truncated via cloning prior to expression and purification. The prediction tool 
TargetP (www.cbs.dtu.dk/services/TargetP) (Emanuelsson 2000, Nielsen 1997) was ran 
using default settings under the “plant” group and was used to identify the cleavage site of 
the transit peptide. With htACC sequences, BlastP (Altschul 1990) was run using only 
bacterial sequences as the search space. Additionally, sequence alignments with E. coli 
amino acid sequences were generated using VectorNTI- AlignX (Invitrogen™ Life 
Technologies™, Grand Island, NY) where applicable.  
Transformation 
Transformation of plasmid DNA was achieved using the heat shock method. 
Chemically competent E. coli were thawed on ice. Plasmid DNA (1-2 μl, <10 ng) was added 
and mixed by tapping. Cells were allowed to incubate on ice for 30 minutes followed by a 
heat shock of 42 
ο
C in a water bath for 30 seconds. Upon heat shock, cells were placed back 
on ice for 2 minutes. S.O.C. medium (Invitrogen™ Life Technologies™, Grand Island, NY) 
was added to a final volume of 500-1000 μl and cells were allowed to recover for 1 hour at 
37 
ο
C shaking at 250 rpm. Transformed E. coli were diluted in S.O.C. media 1:1000 and 
plated on to LB agar containing the appropriate antibiotic at 50 to 100 μg/mg in volumes 
ranging between 20 and 250 μl. 
29 
 
Electrophoresis 
Electrophoresis of DNA (i.e. plasmid, PCR fragment, restriction enzyme digest 
product, etc.) was performed using 1% agarose Tris-base acetate ethylenediaminetetraacetic 
acid (EDTA) (TAE) gel containing 0.04 μg/ml ethidium bromide (Sigma-Aldrich, St. Louis, 
MO)  in TAE buffer. Electrophoresis was performed at constant voltage between 70 V and 
150 V. DNA was visualized in a FOTO/Analyst Luminary workstation (Fotodyne 
Incorporated, Hartland, WI) using the ethidium bromide filter and 1Kb Plus DNA ladder 
(Invitrogen™ Life Technologies™, Grand Island, NY) as molecular weight standards. 
Electrophoresis of proteins was performed using either precast (4-20% acrylamide) 
gels (Biorad, Hercules, CA) (native-PAGE) or gels cast using the Biorad Mini-gel™ 
apparatus for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-
PAGE gels made on site were cast with a stacking gel of 4% acrylamide and between 12.5% 
and 21% acrylamide resolving gel. Gels were typically 1.5 mm thick with either 10 or 15 
combs holding up to 50 μl or 25 μl respectively. Focusing of the proteins was done at 75 
volts. Once the protein enters the resolving gel voltage is increased to 110 V. Progess of the 
electrophoresis is monitored by following  the migration of the pre-dyed Precision Plus 
Protein™ Kaleidoscope™ Standards (Biorad ,Hercules, CA) or NativeMark™ Unstained 
Protein Standard (Novex®, Life Technologies™, Grand Island, NY). Upon completion, gels 
are removed from there glass plates and stained in Coomassie Blue staining solution (1 g/l 
Coomassie Brilliant Blue (Biorad, Hercules, CA) into 50% methanol [v/v] 10% glacial acetic 
acid [v/v] 40% dH2O [v/v]) for a minimum of 3 hours. Destaining was accomplished by 
successive rounds of soaking in 50% methanol [v/v] 10% glacial acetic acid [v/v] 40% dH2O 
[v/v] until protein bands are visible. Photos and analysis of stained SDS-PAGE and Native-
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PAGE gels were performed on a FOTO/Analyst Luminary workstation ((Fotodyne 
Incorporated, Hartland, WI) using TotalLab Quant (Fotodyne Incorporated, Hartland, WI), 
Gel purification of DNA from agarose TAE gels 
DNA was extracted from 1% agarose TAE gels using a QiAquick® gel extraction kit 
(Qiagen, Valencia, CA) following standard procedures outlined in their handbook 
(http://www.qiagen.com/resources/download.aspx?id=05356d52-ff29-4ac2-be49-
48cba2381cfa&lang=en). 
Cloning 
ORFs of CAC1A (At5g16390), CAC1B (At5g15530), CAC2 (At5g35360), CAC3 
(At2g38040), ACCD (AtCg00500), MCCA (At1g03090), MCCB (At4g34030) encoding 
biotin carboxy-carrier isoform 1 (BCCP1), biotin carboxy-carrier protein isoform 2 (BCCP2), 
biotin carboxylase (BC), carboxyltransferase subunit alpha (CTα), carboxyltransferase 
subunit beta (CTβ), 3-methylcrotonyl-CoA carboxylase subunit A short isoform (MCCA-S), 
and 3-methylcrotonyl-CoA carboxylase subunit B (MCCB) respectively were subcloned 
from previously established vectors (Li 2005, Ke 1997, Sun 1997, Weaver 1995, Ding 2008 ) 
using primer sets listed in Table 2 to truncate transit peptides where applicable. Platinum® 
Taq high fidelity polymerase (Invitrogen™ Life Technologies™, Grand Island, NY) was 
used following standard procedure in polymerase chain reaction (PCR) amplification. PCR 
products destined for insertion into pCDFDuet or pETDuet for co-expression were subcloned 
into a pCR-T/A-TOPO™ (Invitrogen™ Life Technologies™, Grand Island, NY) vector 
using standard procedures.  
Fully sequenced ORFs (ISU DNA Facility, Ames, IA) were then double digested 
using restriction enzymes from New England Biolabs (Ipswich, MA) following standard 
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procedure (typically 37 
ο
C for 1 hour). In parallel, ~1ug of either pCDFDuet or pETDuet was 
also subjected to double digestion. Following digestion, gel electrophoresis was run for each 
gene or vector (as described in electrophoresis). DNA fragments were excised and purified 
using standard procedures (eluting with deionized distilled water (ddH2O)) (as described in 
gel purification). DNA concentration was checked on a NanoDrop 100 (Thermo Scientific, 
Waltham, MA) and concentrated by a RT100 Savant Speed Vac (Thermo Scientific, 
Waltham, MA).  
Ligations were performed using DNA Ligase Might Mix™ (Takara, Clontech, 
Mountain View, CA) using standard procedures (typically 10 μl reaction volume at 16 οC for 
4 hours). Vector and insert concentration ratios varied for each gene but generally were 
between 1:1 and 1:4.   For the purpose of co-expression, pCDFDuet (Novagen, Merck 
Biosciences, Whitehouse Station, NJ) and pETDuet (Novagen, Merck Biosciences, 
Whitehouse Station, NJ) were used. A modified pET30 vector (pET30f) (Supplemental 
Figure 1) encoding an N-terminal poly-histidine tag followed by a TEV cleavage site was 
used for the purification of a tag-free proteins. These genes were cloned using the primer sets 
outlined in Table 2 following the InFusion® cloning method into a linearize pET30f vector 
(Takara, Clontech, Mountain View, CA) following standard procedures. 
All constructs were sequenced by the ISU DNA facility (Ames, IA) using a 
combination of primers from the vector and the ORFs to form a full length contig in both the 
3’ and 5’ directions.  
Constructs were transformed into library efficient DH5α™ chemically competent 
cells (Invitrogen™ Life Technologies™, Grand Island, NY) using standard procedures 
described in transformation. Single colonies were then streaked onto a fresh LB-agar plate 
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with antibiotics and grown overnight. These isolates were selected in triplicate and grown in 
5 ml liquid LB cultures containing the appropriate antibiotic overnight at 37 
ο
C. 1 ml frozen 
stocks were prepared using 920 ul culture and 80 ul dimethyl sulfoxide (DMSO) and stored 
at -80 
ο
C. Plasmid DNA was extracted from the remainder of the culture using a QIAprep 
Spin Miniprep Kit (Qiagen, Valencia, CA) and standard procedures (eluting with ddH2O). 
Plasmid preps were then stored at -20 
ο
C. 
Previous cloning had been done to generate the “short” isoform of MCCA (MCCAS). 
To generate the long isoform, primers MCCARTf (5’-GAGGTGGGGGGAAGGGAAT-3’) 
and MCCARTr (5’-CATTGGCACCTCGGATTGGC-3’) were used in a PCR reaction as 
described above using a cDNA library from Arabidopsis thaliana col-0 ecotype as template. 
The two PCR products were double digested using HpaI and AccI (New England Biolabs, 
Ipswich, MA) yielding products of 297 (containing the 6th exon) and 237 (6th exon absent). 
In parallel, pCDFDuet-MCCA-S and pCDFDuet-MCCA-S-MCCB were double digested 
using HpaI and AccI restriction enzymes. Digested vector, and the 297-nucleotide fragment 
were isolated using agarose gel electrophoresis and gel purification (as described above). 
Purified linear vector and insert were ligated (as described above) yielding pCDFDuet- 
MCCA-L and pCDFDuet-MCCA-L-MCCB. Transformations and preparation of frozen 
stocks were performed in triplicate as described above.  
Generating an ACCD construct to encode CTβ(S265L) was accomplished by 
performing site directed mutagenesis (QuikChange Site-Directed Mutagenesis Kit (Agilent 
Technologies, Santa Clara, CA)) using primers accDS265Lf (5’ – GTTCAGAAAGAATC 
GAGCTTTTGATTGATCCGGGTACTTGGAATC – 3’) and accDS265Lr (5’ – GATTCC 
AAGTACCCGGATCAATCAAAAGCTCGATTCTTTCTGAAC – 3’) on both pETDuet-
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CTβ and pETDuet-CTβ-CTα vectors. Mutant constructs were confirmed by sequencing using 
primers accDsef1 (5’ – TATGGTTGGGATGAGCGTTC – 3’) and accDse2 (5’ – 
CTTCATCCATAGGATTCCAAGT – 3’).  
Microbial expression of recombinant proteins 
Recombinant proteins were expressed in E. coli strains BL21(DE3) (Invitrogen™ 
Life Technologies™, Grand Island, NY) or C41(DE3) (Lucingen, Middleton, WI). An 8 ml 
overnight culture in LB containing appropriate antibiotic was used to inoculate a 2 L flask 
containing 500 ml of LB media containing appropriate antibiotic and grown at 37 
ο
C. Once 
the OD600 reached ~0.4 the flasks were moved to a 22 
ο
C incubator and allowed to cool. 
Upon reaching an OD600 of ~0.6 the cultures were induced with isopropyl β-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. Cultures expressing 
BCCP1, BCCP2, MCCAS, or MCCAL were also provided with filter sterilized D-biotin to a 
final concentration of 1 mM. Cultures were grown overnight for ~20 hours. 
Purification 
Cells from 500 ml cultures were collected by centrifugation at 4,000 x g. Pellets were 
resuspended in 4 ml per gram wet weight Tris-HCl pH 8.1 buffer with 300 mM sodium 
chloride (NaCl) and 4 mM imidazole (buffer A) supplemented with cOmplete™, EDTA-free 
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Suspended cell slurry 
was disrupted with a 550 Sonic Dismembrator (Fisher Scientific, Pittsburg, PA) on ice using 
6 x 15 second bursts. Soluble protein was isolated in the supernatant of centrifuged cell lysate 
at 25,000 x g for 35 minutes. The supernatant was filtered through a 0.45 μm syringe filter 
(Corning Inc., Corning, NY). 5 ml final bed volume of PerfectPro™ Ni-NTA Agarose 
(Fisher Scientific, Pittsburg, PA) was loaded and equilibrated in an empty 10 cm flex column 
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(Kimble Chase Life Science and Research Products LLC, Vineland, NJ) with 10 column 
volumes (CV) of buffer A. Filtered soluble protein was loaded onto the resin at 4 
o
C. The 
flow-through was collected and loaded a second time onto the same column of resin. The 
column was sequentially washed with the following buffers:  1) 5 CV buffer A; 2) 10 CV of 
buffer A with a final imidazole concentration of 20 mM; and 3) 10 CV buffer A with a final 
imidazole concentration of 40 mM. Finally, bound protein was eluted with 10 CV buffer A 
with a final imidazole concentration of 250 mM. Chilled 80% glycerol was spiked into the 
eluent to a final concentration of ~5%. The spiked eluent was concentrated in a spin 
ultrafiltration column with a 10,000 Da cutoff (Millipore-Amicon, Billerica, MA) centrifuged 
at 3,900 x g to a final volume of ~10 ml. 
Concentrated protein was dialyzed against two rounds of 4L buffer A containing no 
imidazole. Due to their tendency to aggregate, BCCP1 and BCCP2 were dialyzed against 
buffer A without NaCl. Upon dialysis, samples were spiked with EDTA and DTT to a final 
concentration of 0.5 mM and 1 mM respectively. TEV protease prepared as described 
(Tropea 2009) and was used to remove the His-tag from the purified recombinant protein 
preparations.  TEV protease was added to a final concentration of 1 mg TEV per 50 mg of 
purified recombinant protein (based on aborbance at 280 nm). Digests were performed at 16 
ο
C overnight. Following digestion, samples were twice dialyzed against 4 L of 20 mM Tris-
HCl pH 8.1 with 5% glycerol with 300 mM NaCl (BC, CTα-CTβ) or without NaCl (BCCP1, 
BCCP2) for 4 hours. Upon dialysis, samples were run through 5 ml PerfectPro™ Ni-NTA 
Agarose (Fisher Scientific, Pittsburg, PA) resin as described above. Flowthrough and a 50 ml 
wash with Buffer A (±NaCl where appropriate) were collected and concentrated as described 
above.  
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Concentration of protein preparations was checked using a Bradford assay with 
bovine serum albumin (BSA) as a standard (Bradford 1976) with Bradford reagent from 
Biorad® (Hercules, CA). Purity was checked using standard (SDS-PAGE) technique 
followed by Coomassie Blue staining (as described in electrophoresis). Pure proteins were 
stored in 20% glycerol at -80 
ο
C. Activity and protein folding over time was monitored via 
assays described below (see Kinetic Assays and Circular Dichroism) 
Co-purification of htACC subunits 
BC was co-expressed with BCCP1 or BCCP2 using pCDFDuet constructs described 
above. BCCP were cloned with the N-terminal polyhistidine tag in frame (multiple cloning 
site I) while the BC subunit was cloned with a c-terminal S-tag (multiple cloning site II). 
Coexpression was performed in BL21(DE3) cells as described above and purified via Ni-
NTA agarose as described above. Flowthrough, wash, and eluent fractions were collected 
and boiled in SDS loading buffer and ran on SDS-PAGE gels following standard procedure. 
Proteins were visualized using western blot analysis (W.N. Burnette, 1981) for either the 
polyhistidine tag (Primary; His-Tag® Monoclonal Antibody (Novagen, Merck Biosciences, 
Whitehouse Station, NJ) Secondary; Goat Anti-Mouse igG (H+L)-HRP Conjugate (Biorad, 
Hercules, CA) or the S-tag (S-Protein HRP conjugate, Novagen, Merck Biosciences, 
Whitehouse Station, NJ). 
CTα was co-expressed with CTβ or CTβ (S265L) in pETDuet vectors as described 
above. CTβ (L265) or CTβ (S265) were cloned into multiple cloning site I in frame with the 
n-terminal polyhistidine tag while CTα was cloned into multiple cloning site II in frame with 
the c-terminal S-tag. Both pETDuet-CTα-CTβ and pETDuet-CTα-CTβ (S265L) were 
expressed in BL21(DE3) cells as described above and subjected to Ni-NTA agarose affinity 
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chromatography as described above. Flowthrough, wash, and eluent fractions were collected 
and boiled in SDS loading buffer and ran on SDS-PAGE gels and visualized by coomassie 
blue staining as above. MCCAS or MCCAL was cloned and coexpressed with MCCB in 
pCDFDuet in the same manner as BC and BCCP. 
Circular dichroism 
Protein folding was investigated using a Jasco J-710 Spectropolarimeter (Jasco 
Analytical Instruments, Easton, MD) at the ISU Protein Facility (Ames, IA). Concentrated 
protein (5-10 mg) was diluted in ddH2O ~1:100 to a final volume of 200 μl and loaded into a 
10 mM quartz cuvette. Samples were scanned from 250 nm to 190 nm with readings every 
0.2 nm taking an average of 5 scans. A blank was taken by diluting 20 mM Tris-HCl pH 8.1 
with 20% glycerol into ddH2O at the same ratio as the sample. This blank was then 
subtracted from the sample and the spectrum was converted to molar ellipticity ([θ], degrees 
cm
2
dmol
-1
). Secondary structure information was extracted from the spectra using CDpro 
(Sreerama 2000). Secondary structure data was compared to predictions made using Chou-
Fasman method (Chou 1974) 
Non-denaturing polyacrylamide gel analysis 
Soluble protein was purified as described above and subjected to non-denaturing 
polyacrylamide gel electrophoresis (native-PAGE). Precast 4-20% gradient gels were used 
(Biorad, Hercules, CA) following typical running conditions using a Tris-Glycine buffer 
system. Gels were run at 4 
ο
C overnight at a constant 25 volts. NativeMark™ Unstained 
Protein Standard (Novex®) was used as a native protein standard. Protein bands were 
visualized by both Coomassie blue staining and tag specific antibody western blot analysis. 
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Fast paced liquid chromatography (FPLC) analysis 
 An Atka FPLC system (GE Healthcare Life Sciences, Pittsburg, PA) was used to 
study native states of protein subunits. Typically a 2 ml loop was used to inject 1-2 mg of 
protein. Tris-HCl pH 8.1 with 5% glycerol was used as the mobile phase with sodium 
chloride concentrations varying from 0 to 800mM. A prepacked Superdex 200 10/300 GL gel 
filtration column (GE Healthcare Life Sciences, Pittsburg, PA) was used for size exclusion 
experiments with a flow rate of 0.4ml/minute. Protein was monitored in-line using a UV 
detector at 280nm.  
To test the stability of individual protein populations (e.g. monomer, dimer, etc.), 
FPLC fractions were collected in 400μl increments. Fractions representing a single protein 
population were allowed to incubate on ice for 2 hours. Fractions were then re-run through 
FPLC exactly as described above. To detect specific proteins, fractions were boiled in SDS-
loading buffer, ran on SDS-PAGE, and visualized via western blot analysis as described 
above.  
The effect of ionic interactions between individual subunits was tested by spiking 
NaCl into the protein prep to a final concentration of 50, 100, 200, 400, or 800 mM. The gel 
filtration column was equilibrated using the same NaCl concentration for 2 column volumes 
prior to running each sample. Protein was detected using both the in-line UV detector and 
western blot analysis as described above. 
Analytical ultracentrifugation 
BCCP1 and BCCP2 isoforms were prepared as described above. Sample 
concentrations were measured at A280 and diluted with 20 mM Tris-HCl pH 8.1 to an A280 
reading of 0.500. Samples were loaded into cells, placed into an An60 Ti rotor in a Beckman 
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Optima XL-A analytical centrifuge (Beckman-Coulter, Brea, CA), and allowed to equilibrate 
to 20 
ο
C under vacuum for 2 hours. Sedimentation was monitored at 275 nm at a speed of 
50,000 RPM. Boundaries were analyzed using Ulltrascan3 software (B. Demeler, University 
of Texas Health Science Center, San Antonio, TX) by a modified van Holde and Wiechet 
method (Demeler 2004). Data were plotted as relative concentration (y-axis) versus 
sedimentation coefficient (x-axis) and Boundary fraction (y-axis) and sedimentation 
coefficient (x-axis).  
Mass spectrometry analysis of BCCP isoforms 
An ion trap-ion mobility-time of flight mass spectrometer (IT-IM-TOF-MS) with 
three ion sources and an ion mobility drift tube developed at the Iowa State University 
Chemistry Department by the R.S. Houk group has been described in detail (Zhao 2009). 
BCCP1 and BCCP2 protein were purified as described above and dialyzed against 5 mM 
ammonium acetate buffer pH 7.0. Upon dialysis, samples were diluted to 10 μM using 5 mM 
ammonium acetate pH 7.0. Under the guidance of Timothy Anderson (Graduate Student 
within the Houk group), samples were injected using nanoelectrospray tips made from 
capillary tubes (1.5 mm o.d., 0.86 mm i.d.) via a tip puller (P97; Sutter Instruments, Novato, 
CA). For both protein samples the front plate voltage on the drift tube was 50 volts while the 
back plate voltage was 500 volts. The pulser was set to 100 volts with a drift time scan of 6 
μs. 
Mass to charge (m/z) data from IT-IM-TOF-MS were compared with data obtained 
using a Solarix XR™ fourier transform ion cyclotron (FT-ICR) mass spectrometer (Bruker 
Daltonics, Bremen Germany) at the W.M. Keck Metabolomics Facility (Iowa State 
University, Ames, IA) under the guidance of Dr. Ann Perera.  
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Results 
 
Molecular modeling 
The structures of the Arabidopsis htACC and MCC are as yet unknown.  In an effort 
to gain insight into potential structural differences between BCCP isoforms (htACC) as well 
as splice variants of MCCA, molecular modeling was conducted using I-TASSER. Using 
known bacterial solution NMR and crystal structures, individual subunits of these enzymes 
were modeled. BCCP1 and BCCP2 showed the highest similarity to that of E. coli BCCP 
(pdbID: 4hr7) structure, while BC showed the highest similarity to the pyruvate carboxylase 
crystal structure of Aquifex aeolicus (pdbID: 1ulz). CTα aligned best with the CT subunit of 
htACC from Staphylococcus aureus (pdbID: 2f9i) and both CTβ models (S or L at position 
#265) also aligned best with the CT subunit of htACC from Staphylococcus aureus 
pdbID:2f9i. MCCA-S and MCCA-L showed the highest similarity to the crystal structure of 
MCC holo-enzyme from Pseudomonas aeruginosa (pdbID: 3u9s) while MCCB showed the 
highest similarity to the crystal structure of the beta subunit of MCC from Pseudomonas 
aeruginosa (pdbID:3u9r). 
Predicted structures of BCCP1 and BCCP2 (Figure 14) show a similar fold. The β-
strand rich c-terminal domain “head” contains the conserved lysine residue, which acts as the 
site of biotinylation, catalyzed by biotin protein ligase. BCCP1 and BCCP2 isoforms from 
Arabidopsis share 74% primary sequence identity within the c-terminal domain (data not 
shown), and both structural models display a high degree of similarity in this domain with a 
root mean square deviation (RMSD) of less than 1 Å. By comparison, BCCP1 and BCCP2 
models varied by an RMSD of 3.5 Å over the entire structure (as determined by Pymol). The 
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more variable n-terminal “tail” region of BCCP shows the most variation between BCCP1 
and BCCP2 and is largely unstructured. This less highly conserved region of BCCP has also 
been found to be more flexible and may be important for both inter-BCCP interactions as 
well as interactions with BC and CT subunits (Broussard 2013). Comparison of the 
hydrophobic and hydrophilic residues of BCCP1 and BCCP2 shows high similarity in the 
residues surrounding the conserved (biotinylated) lysine (Figure 15). The N-terminal region 
residues are more hydrophobic in BCCP1 compared to BCCP2 that may affect protein-
protein interaction.  
 The BC model (Figure 14) shows a fold typical to known crystal structures of 
homologous BC enzymes from bacterial sources. The top portion of the BC (known as the B 
domain) has been shown to be flexible (Mochalkin 2008), which allows entrance for 
substrates (ATP, biotin, and bicarbonate) into the active site (Figure 17).  
Although it’s quite apparent that the active site of the E coli CT is at the interface 
between the α and β subunits (Zhang 2003), the individual Arabidopsis CT subunit models 
(Figure 14) are incapable of enabling a prediction of how the two subunits come together to 
form an active carboxyltransferase. However, the models of CTβ and CTβ (S265L) suggest 
that amino acid #265 lies near but not at the surface of the protein and would therefore not 
interact directly with CTα. Interestingly, the model of CTβ (with serine at position #265) has 
a small channel with two openings potentially exposing the serine residue to solvent (Figure 
16 A). This channel is not present in CTβS265L (Figure 16A) nor is it scene in the two 
known crystal structures for E. coli and S. aureus htACC CT (not shown). It is noteworthy 
that both of the known crystal structures have either an isoleucine (S. aureus) or a leucine (E. 
coli) at the homologous position to Arabidopsis htACC CT amino acid #265. A detailed 
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examination of the amino acids near position #265 shows that it sits at the end of an α-helix 
and points towards a β-sheet with several hydrophobic residues pointing towards position 
#265 (V322, L324, V326, and I359). These hydrophobic residues are conserved in the S. 
aureus structure (F223, V225, V227, and I160) (Figure 16 B). The serine residue at position 
#265 of htACC CT would presumably disrupt the hydrophobic interaction with the β-sheet 
residues. Therefore, position #265 may have a role in protein folding and stability, while not 
directly contacting CTα. 
Models of both splice variant isoforms of MCCA (MCCA-S and MCCA-L) show 
similar folds (Figure 17). This could be due to the fact they were modeled against the same 
known crystal structures. One noticeable difference is seen in the twenty amino acids 
encoded by the 6
th
 exon, which appear to form an α-helix along the back side of MCCAL 
(distal to the active site). The model of the short splice variant of MCCA (lacking exon 6) 
shows a linker region spanning this space in an attempt to maintain the same overall fold of 
the protein. The model of htACC BC shows this same α-helix structure distal to the active 
site (Figure 17). This same α-helix is also present in all known BC crystal structures (not 
shown). Models of MCCB show pseudosymmetry along the center of the protein as shown 
by the dashed line (Figure 17). 
Cloning, expression, and purification 
 After identifying the putative transit peptide locations using a combination of 
TargetP, BlastP, and AlignX (Table 1, Figure 2, and Figure 3), primers were designed to 
truncate the ORFs for heterologous expression in E. coli. A complete list of all construct-
names, cloned genes, and vectors and primers used can be found in Table 2.  
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The htACC ORFs encoding BC, BCCP1, and BCCP2 (CAC2, CAC1A, and CAC1B 
respectively) were cloned both into the dual expression vector pCDFDuet as well as a custom 
built pET30f vector (created and provided by Fuyuan Jing, Iowa State University, Ames, IA) 
that contains an N-terminal polyhistidine (his-tag) coding sequence followed by a TEV 
cleavage site (pET30f vector map, features, and sequence can be found in supplemental 
figure S1). Cloning ORFs into pCDFDuet vectors allowed for co-expression and co-
purification of BC with either BCCP1 or BCCP2. It also allowed for entry of multiple genes 
into E. coli mutants for complementation studies. Expression from the vector pET30f 
allowed for the purification of individual tag-free subunits. To enable stable expression and 
increase the solubility of CTα and CTβ, the vector pETDuet was chosen for heterologous 
expression. The use of pETDuet also allowed for the simultaneous co-expression of all four 
htACC subunits. Additionally, BCCP isoforms were cloned into pET30f truncated to express 
only the C-terminal domain that includes the highly conserved globular domain and 
biotinylated lysine (BCCP1(Δ199) and BCCP2(Δ174)) . These truncation locations were 
chosen due to the alignment of BCCP1 and BCCP2 to the known solution structures of E. 
coli BCCP c-terminal domain (pdbID: 2bd0 and 1a6x).  
Similarly, MCC subunit’s ORFs were cloned into pCDFDuet for co-expression and 
purification. Both MCCAS and MCCAL were cloned separately either alone or with MCCB 
allowing for the study of each isoform alone or as part of the holo-MCC. 
After optimization of the expression systems, recombinant proteins were expressed in 
E. coli strain BL21 (DE3) with the exception of BCCP1 and BCCP2, which were found to be 
more soluble in strain C41 (DE3). Purification was achieved by first using affinity 
chromatography with Ni-NTA agarose.  Following digestion with TEV (BC, BCCP1, and 
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BCCP2) a second round of Ni-NTA agarose purification was used to remove TEV, the 
released tags, and any uncleaved protein. CTα-CTβ complex was further purified by using 
gel filtration FPLC following traditional Ni-NTA purification.  Purity of htACC components 
were checked via SDS-PAGE followed by Coomassie Blue staining (Figure 4).  
Although E. coli biotin protein ligase (BPL) will biotinylate heterologously expressed 
BCCPs, it was found that feeding the expression cultures 1 mM D-biotin increased the 
biotinylation of BCCP proteins by over 10 fold (Figure 11). Therefore, all constructs with 
BCCP1, BCCP2, BCCP1(Δ199), BCCP(Δ174), MCCAS, and MCCAL were cultured in 
media containing D-biotin to a final concentration of 1 mM. Coexpression with BPL from 
Methanosarcina acetivorans (provided by Lucas Showman, Iowa State University, Ames, 
IA) showed a slight increase in biotinylation (Figure 11) but was not used in subsequent 
experiments.  
To test protein solubility and the overall strength of the interaction between CTα and 
the CTβ isoforms resulting from post transcriptional RNA editing, CTβ (with S or L at 
position #265) was coexpressed with CTα. Co-expression and purification of n-terminal poly 
histidine tagged CTα with c-terminal S-tagged CTβ isoforms showed differences in 
expression levels and their ability to co-purify. Although CTα-CTβ and CTα-CTβ(S265L) 
both expressed largely in the soluble fraction, co-purification was greatly enhanced by the 
presence of leucine at position #265 (Figure 5). Additionally, a large portion of CTβ with 
serine at position #265 was found in the flowthrough fraction during purification (Figure 5) 
indicating that CTα preferentially binds to CTβ (S265L).  
After exhausting cell types and growth conditions, MCCAS was found to be almost 
exclusively insoluble (expressed in the inclusion bodies) making it impractical to perform in 
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vitro analysis of this MCCA isoform. Interestingly, MCCAL was soluble when expressed in 
BL21(DE3) E coli. Although co-expression of MCCAL and MCCB was possible, MCCB 
would not co-purify with the his-tagged MCCAL under conditions attempted. 
Secondary structure analysis: Circular Dichroism  
BCCP proteins diluted into millipore water (1:100) to a final concentration between 
50 μg/ml and 100 μg/ml were subjected to circular dichromatic light (CD) (Figure 12). Both 
BCCP isoforms appeared to be folded with both isoforms displaying a similar spectrum, 
indicating that their secondary structure folds are similar (Figure 12). Analysis of CD spectra 
was performed using a suite of algorithms within CDPro (Sreerama 2000) that were used to 
calculate the distribution of helical structures and unstructured regions. These percentages 
were compared to that of secondary structure predictions made using the Chou-Fasman 
(CHOFAS) method (Figure 13). Overall both isoforms showed a large percentage of β-strand 
and random coil conformation, which agrees with the computational models generated via I-
TASSER (Figure 13). CD was also used to confim that the remaining ACC subunits were 
folded (data not shown). 
Oligomeric state analysis: native-PAGE and size exclusion FPLC 
Non-denaturing (native) PAGE was used to check the oligomeric status of purified 
htACC subunits (Figure 6 and 7). As shown in Figure 6 the majority of BCCP1 protein 
migrated in what appear to be monomer and dimer populations. Based on the western blot 
intensities analyzed byTotalLab Quant (Fotodyne Incorporated, Hartland, WI), ~90% of total 
BCCP1protein exists as a monomer and dimer with approximately equal distribution of each 
form. BCCP2 showed a similar distribution but showed much lower amounts (~50% of total 
protein in the monomer and dimer fractions. Much larger (300 to 500 kDa) populations can 
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be seen in both BCCP1 and BCCP2 lanes with BCCP2 having a greater amount of 
oligomerization observed. BC showed a much more complex distribution of oligomer 
populations (Figure 6).  The most prevalent BC population was its dimer with ~50% of total 
protein detected. Monomer BC was observed at a much lower level (15% of total protein) 
with the remaining 35% of the total protein being found distributed across larger oligomers 
of tetramer up to a putative 12-mer. 
Native-PAGE was also used to study CTα-CTβ complexes (Figure 7). Using 
antibodies specific for tags unique to either CTα or CTβ it was found that the two subunits 
always exclusively co-migrate together. The major population of CT complex with serine at 
position #265 of CTβ occurs at just above 480 kDa. This suggests an α4/β4 heterooctamer 
although it does not rule out an α3/β3 heterohexamer. This population is much more evident 
in CT complexes with leucine at position #265 of CTβ. Interestingly, two new populations 
appear in the CTα-CTβ(S265L) complex (Figure 7). These two populations likely represent 
an α2/β2 heterotetramer and an α8/β8 hetero-16-mer. 
Gel filtration (size exclusion) FPLC was used to further study the BCCP isoforms. A 
series of dilute purified protein preparations were run for each BCCP isoform (20 μg, 10 μg, 
and 5 μg total protein). In addition to a large peak of soluble aggregates, BCCP1 showed 
peaks at 16.30 ml, 14.74 ml, 14.17 ml, and 11.92 ml retention volume (RV) (Figure 8). 
BCCP2 also eluted at several distinct peaks with retention volumes of 17.15 ml, 16.39 ml, 
15.83 ml, 14.56 ml, and 12.41 ml (Figure 8). When compared to the known mass and Stokes 
radii of gel filtration standards, oligomeric state can be deduced (Table 3). It was found that 
BCCP1 had one population of monomer (16.3 ml RV), two populations of dimer (relaxed 
(14.17 ml RV) and compact confirmations (14.74 ml RV)), and one population of hexamer 
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(11.93 ml RV) (Table 3). BCCP2 had a more complex set of oligomeric states. Three unique 
populations of monomer (17.15 ml RV, 16.39 ml RV, and 15.83 ml RV), two populations of 
dimer (14.56 ml RV and ~14.2 ml RV), and one population of hexamer were observed (12.41 
ml RV). Isolated populations were collected and allowed to incubate on ice for one to two 
hours and re-ran through FPLC column using the same conditions. In all cases, the 
populations remained stable and only the isolated peak re-emerged (Figure 9). Attempts were 
made to run a mixture of BCCP isoforms through gel filtration FPLC but the UV profile and 
ensuing western blot analysis were too convoluted to determine if any BCCP1/BCCP2 
interactions were occuring (data not shown).  
In an effort to disrupt the large portion of BCCP isoforms creating soluble aggregates, 
sodium chloride (NaCl) was added in a series of concentrations from 50 mM to 800 mM 
prior to running FPLC. Interestingly, rather than dissociating the soluble aggregate, to release 
monomers, dimers, or hexamers, the added NaCl drove BCCP1 towards aggregation (Figure 
10). This effect was shown to be dependent on the concentration of NaCl with 800 mM NaCl 
creating almost exclusively soluble aggregate. This effect was not observed with BCCP2. 
Similarly, NaCl experiments were conducted with BC and no effect was observed (not 
shown). 
Oligomeric state analysis: analytical ultracentrifugation 
Sedimentation velocity experiments were conducted on BCCP isoforms in order to 
determine the distribution and relative amounts of various oligomeric populations. Analysis 
of collected data shows that both BCCP1 and BCCP2 preferred the dimer state (Figure 23 E 
and F) while also displaying a broad distribution of larger oligomers as evident in the plateau 
of larger sedimentation coefficients (Figure 23 E and F). In order to define these larger 
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oligomer populations and determine the hydrodynamic radius (rh), dynamic light scattering 
was performed on both BCCP isoforms on a DynaPro NanoStar (Wyatt Technology, Santa 
Barbara, CA). A known rh can then be used in calculating the frictional coefficient (f0). In 
turn, known f0 values can be used by the software SEDNTERP (http://www.rasmb.bbri.org/) 
to compute both shape and oligomeric status of a protein. To date, usable DLS data has not 
been obtained thus hindering further analysis of collected ultracentrifugation data. 
Mass spectrometery of BCCP isoforms 
Mass spectrum obtained using FT-ICR MS provided high resolution and accurate 
mass comparisons for subsequent experiments on IT-IM-TOF-MS. Under FT-ICR 
conditions, both BCCP isoforms exhibited monomeric forms only over a wide range of 
charge states (Figure 18). BCCP isoforms were observed to have charge states ranging from 
+17 to +5 (BCCP1) and +16 to +7 (BCCP2). Interestingly, both BCCP isoforms showed 
many unique masses distributed at each charge state (listed in Figure 18) (8 m/z values for 
BCCP1 and 5 m/z values for BCCP2). 
BCCP isoforms had similar charge state distributions when analyzed with the IT-IM-
TOF-MS (Figure 19). The IM plots in Figure 20 show that BCCP1 and BCCP2 appeared 
monomeric under the conditions described above. However the BCCP2 IM plot in Figure 20 
indicates the possibility of a dimer.  The potential dimer was observed as minute peaks at 
what would be apparent monomer charge states of +11.5, +12.5, and +13.5.  It is not possible 
for an ion to carry a half charge, thus it is logical that the peak could be dimer.  The 
corroboration of the IM dimension shows discs present at the half charge state positions, 
sadly it is impossible to fully determine the oligomeric states without higher sensitivity and 
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resolution.  Recently, the Houk group has acquired a new IM instrument that may have the 
capabilities to characterize the oligomeric states (Iowa State University, Ames, IA). 
Cross sections across the charge states provide information about the overall size of 
the molecule (Figure 21). Focusing on the highest shared charge state (+21), an intermediate 
charge state (+17), and the lowest shared charge state (+14) suggests that when in their native 
(fully folded) state both BCCP isoforms have approximately the same Stokes radius (Figure 
22). As the proteins become more charged (and presumably more unfolded) BCCP1 becomes 
larger than BCCP2. 
 
Discussion 
 
Biotin-dependent carboxylases comprise a diverse family of enzymes involved in 
both primary and secondary metabolism. Two such enzymes were selected for study in this 
dissertation from Arabidopsis, htACC and MCC. Heteromeric ACC catalyzes the first 
committed step in de novo fatty acid biosynthesis while MCC catalyzes the fourth step in L-
leucine catabolism and is a central enzyme in the catabolism of isoprenoids through the 
mevalonate shunt. 
Previous studies on protein extracts from Arabidopsis confirmed that htACC is 
dissociable similar to its E. coli counterpart (Li 2005, Fall 1972, Guchhait 1974). To 
overcome this obstacle, a heterogous approach was taken using E. coli as the expression host 
for Arabidopsis htACC subunits in conjunction with an in silico approach of protein structure 
modeling. This combinatorial approach to studying these individual subunits as well as 
subunit pairs has led to a better understanding of the true complexity of htACC. 
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Comparison of BCCP1 and BCCP2 structures 
There is a multitude of structural information from biotin-dependent carboxylases 
(hmACC (truncated domains), htACC, PCC, PC, MCC) from several bacterial sources and 
humans. To date, a crystal structure has not been solved for any plant ACC. With a lack of 
known structure, molecular modeling may provide the best alternative. Molecular modeling 
employing both secondary structure predictions as well as threading to known tertiary 
structures revealed for the first time that BCCP1 and BCCP2 isoforms likely take on similar 
confirmations varying only at the n-terminus. This prediction was supported by evidence 
from circular dichroism that suggests that both BCCP isoforms have similar secondary 
structure. Models of BCCP1 and BCCP2 also showed that while the surface hydrophobicity 
was similar in the amino acid side chains surrounding the conserved biotinylated lysine, the 
dynamic n-terminal “tail” region showed variability in the distribution of hydrophobic and 
hydrophilic amino acid side chains. This observation may help explain differences observed 
when sodium chloride was added at varied concentration during size exclusion FPLC that 
resulted in the increased aggregation of BCCP1 while showing no effect on BCCP2. 
Although molecular docking of two proteins is possible and was briefly explored, 
generating a docking model based on predicted models seemed too far reaching and 
unjustifiable. Therefore a bench top approach was used to study the quaternary structure 
(oligomeric state) of the individual BCCP isoforms. Non-denaturing (native) PAGE provided 
a crude look at the distribution of the BCCP isoforms. Here it was shown that both BCCP 
isoforms were distributed across a wide range of native molecular weights. Putatively, these 
populations were identified as dimer, tetramer, and octamer (and 2 populations near 500 
kDa) for BCCP1 and dimer, tetramer, and decahexamer (and at least 4 populations between 
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320 and 480 kDa) for BCCP2. Running size exclusion (gel filtration) FPLC revealed a 
clearer picture of the distribution of BCCP oligomers. FPLC revealed that BCCP1 and 
BCCP2 had monomer, dimer, and hexamer as well as a large portion of total protein in 
soluble aggregate when compared to molecular weight standards with known stokes radii. 
Interestingly, it appeared that BCCP2 had several unique conformers of monomer while 
BCCP1 had only one. Both BCCP1 and BCCP2 had two conformers of dimer and only one 
conformer of hexamer present in solution. The distribution of relaxed and compact 
conformers as well as the presence of non-refined soluble aggregate help explain the 
presence of five bands (BCCP1) and six bands (BCCP2) observed by native-PAGE.  
In order to further refine the oligomeric states of BCCP1 and BCCP2, analytical 
ultracentrifugation was employed. Without known values for the frictional coefficient (fo) the 
sedimentation coefficient (s) could not be determined for BCCP1 and BCCP2 hindering the 
interpretation of analytical ultracentrifugation. Determination of values for fo were attempted 
using dynamic light scattering, however, this approach has not been successful to date. 
Therefore all that can be said about the results from analytical ultracentrifugation is that both 
BCCP1 and BCCP2 appeared to be mostly dimer with a broad distribution of larger 
oligomers. Although this does not help to clarify the native-PAGE and FPLC experiments, 
this data does complement their findings.  
A combination of FT-ICR-MS and IT-IM-TOF-MS mass spectroscopy techniques 
was used in a final attempt to clearly identify the oligomeric states of BCCP1 and BCCP2. 
First, FT-ICR was employed with BCCP1 and BCCP2 and was able to determine the relative 
charge state distribution of the proteins.  Second, IT-IM-TOF-MS was utilized determine the 
oligomeric states utilizing ion mobility (IM). The IM capabilities of IT-IM-TOF-MS allow 
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for differences in charge and the size of the ions to determine the cross-section of the protein 
for each of the observed charge states. Unfortunately for BCCP1, the sensitivity and 
resolution of the IT-IM-TOF-MS instrument was not high enough to resolve anything more 
than monomer.  However, BCCP2 had readily observed monomer and showed a slight 
possibility of dimer between the monomer charge states. It is possible that due to the 
electrospray ionization and the persistence of the proteins in the gas phase that both BCCP1 
and BCCP2 may dissociate into predominantly monomer forms. Without the use of an IM 
instrument with higher resolution and sensitivity, it is unclear what type(s) of post-
translational modification these heterologously expressed proteins may have undergone 
resulting in multiple m/z for each BCCP isoform. 
Comparison of CTα-CTβ S265L point mutation structures 
Two crystal structures have been solved of the CT complex from htACC in E. coli 
(pdbID 2f9i) and S. aureus (pdbID 2f9y) that provided a basis for the use of molecular 
modeling of the CTβ S265 and CTβ L265 variants (Bilder 2006). The models of each variant 
were highly homologous in tertiary structure in the half of the protein surrounding position 
#265. This portion of CT was also highly similar in the two known crystal structures. 
Interestingly, the model of CTβ S265 contained a small channel with two openings exposing 
the serine hydroxyl group. This channel is not present in the CTβ L265 protein nor is it seen 
in the known crystal structures. It appears that the serine hydroxyl group may hinder 
interaction of the α-helix with and nearby hydrophobic amino acids presented on a three 
strand β-sheet. Therefore, although amino acid residue #265 may not interact with CTα 
directly, it may contribute to the overall fold and stability of CTβ.  
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This hypothesis was supported during attempts to co-express and co-purify CTα with 
either CTβ S265 or CTβ L265. Here it was demonstrated that CTα preferentially binds with 
CTβ L265. Additionally, western blot analysis of CTα-CTβ complexes from native-PAGE 
revealed that CTα-CTβ S265 formed one population around 480 kDa indicating an α4/β4 
heterooctamer. While this population was the most prevalent in CTα-CTβ L265, two 
additional populations were observed one likely comprised of an α2/β2 heterotetramer and the 
other an α8/β8 hetero-16-mer. Attempts to separate these populations on FPLC were not 
possible with columns available within the Nikolau group though size exclusion FPLC was 
used to further purify total CT complexes from contaminant proteins. 
Comparison of MCCA splice variant isoforms 
Models of MCCAS and MCCAL generated using I-TASSER suggests that both 
isoforms of MCCA could potentially take on the same fold. It is important to note that the 
model of MCCAS could be an artifact of the modeling algorithm trying to fit the truncated 
amino acid sequence to known crystal structures from bacterial MCC. None the less, the 
MCCAL structure shows that the twenty amino acids encoded by exon 6 (exon 5b) form an 
α-helix on the BC domain of MCCA distal to the active site. Therefore, this α-helix would 
not contribute directly to catalysis but may play a key role in the overall fold and stability of 
MCCA as well as participate in protein-protein interactions with additional MCCA’s or with 
MCCB. Heterologous expression of MCCAL is predominantly soluble in E. coli in the 
presence or absence of MCCB. MCCAS although able to express at similar levels was found 
to be entirely insoluble. This insolubility of MCCAS is indicative of an unstable protein 
suggesting that in fact only MCCAL is functional in a holo-MCC. Unfortunately this 
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insolubility has made additional comparative studies between MCCAS and MCCAL with or 
without MCCB impossible.  
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Figures and Tables 
 
 
Table 1: Computation results for truncation of transit peptides 
  Method   
Protein BlastPa TargetPa AlignXa Starting Amino Acid 
BCCP1 112 82 112 81 
BCCP2 
90 or 
92 87 90 88 
BC 76 70 nd 71 
CTα 89-98 54 nd 55 
CTβ n/a n/a n/a 1 
MCCA 38-40 32 n/a 31 
MCCB 49-54 17 n/a 30 
a Numbers reported represent the number of amino acids not 
present in the Arabidopsis holo-protein 
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Table 2: List of genes, vectors, and primers used for cloning and expression  
Construct Gene(s) Cloned Expressed Protein(s) Vector Cloning Primers Notes
pCDFDuet-BCCP1 cac1a (At5g16390)
BCCP1 (MCSI)a 
pCDFDuet
Forward 5' - GAATTCGCCATCATCAGCTGAAGGAAAG - 3'                                                    
Reverse 5' - GCGGCCGCTCATGGTGCCGATTCTA - 3'
pCDFDuet-BCCP1-
maBPL
cac1a (At5g15530)                         
bpl (UniProtID: Q8TSW9)
BCCP1 (MCSI)a, BPL (MCSII)a
pCDFDuet
Forward 5' - AAAAGGCCGGCCATGAGTTTAAGTAGAGCAAA - 3'                                                  
Reverse 5' - TTTCGGTACCTCATGTGTTTTGAATGGTATCAG - 3'
Cloning primers used for mabpl cloning into 
pCDFDuet-BCCP1
pCDFDuet-BCCP2 cac1b (At5g15530)
BCCP2 (MCSI)a
pCDFDuet
Forward 5' - CCGCGAATTCGCCCTGAGCTCTGAA - 3'                                                                                       
Reverse 5' - GCGGCCGCTCAAGGTGCGATGACAAAAA - 3'
pCDFDuet-BCCP2-
maBPL
cac1b (At5g16390)                    
bpl (UniProtID: Q8TSW9)
BCCP2 (MCSI)a, BPL (MCSII)a
pCDFDuet
Forward 5' - AAAAGGCCGGCCATGAGTTTAAGTAGAGCAAA - 3'                                                               
Reverse 5' - TTTCGGTACCTCATGTGTTTTGAATGGTATCAG - 3'
Cloning primers used for mabpl cloning into 
pCDFDuet-BCCP2
pCDFDuet-BC cac2 (At5g35360)
BC (MCSII)a
pCDFDuet
Forward 5' - GGTACCAACCGTTGCGTTTGTCAGA - 3'                                                                     
Reverse 5' - GGCCGGCCTTTGCAGTGGTGGTGATAAGATT - 3'
pET30f-BCCP1 cac1A (At5g16390)
BCCP1
pET30f
Forward 5' - AAAAGGATCCACCATCATCAGCTGAAG - 3'                                                       
Reverse 5' - TAATCTCGAGCTACGGTTGAACCACAAACAGA - 3'
Contains a TEV site for removal of polyhistidine 
tag
pET30f-BCCP1(Δ199) cac1a (At5g16390)
BCCP1(Δ199)
pET30f
Forward 5' - AAATGGATCCAAAATCGTCACTTCCTACTGTT - 3'                                                
Reverse 5' - GCGGCCGCTCATGGTGCCGATTCTA - 3' Truncated form of BCCP1
pET30f-BCCP2 cac1b (At5g15530)
BCCP2
pET30f
Forward 5' - AAAAGGATCCAGAATTTATGGCTAAAGTCTCTG - 3'                                                        
Reverse 5' - TAATCTCGAGTCAAGGTGCGATGACAAAAAGA - 3'
Contains a TEV site for removal of polyhistidine 
tag
pET30f-BCCP2(Δ174) cac1b (At5g15530)
BCCP2 (Δ174)
pET30f
Forward 5' - GAATTCGCCATCATCAGCTGAAGGAAAG - 3'                                                                                   
Reverse 5' - AAACGGATCCATCCTCGTCTCATCCTC - 3' Truncated form of BCCP2
pET30f-BC cac2 (At5g35360)
BC
pET30f
Forward 5' - GGTACCAACCGTTGCGTTTGTCAGA - 3'                                                             
Reverse 5' - GCGGCCGCTCATGGTGCCGATTCTA - 3'
Contains a TEV site for removal of polyhistidine 
tag
pETDuet-CTα cac3 (At2g38040)
CTα (MCSII)a
pETDuet
Forward 5' - CATATGCGGCTCAAGAAAGGGAAGAAATTTGA - 3'                                      
Reverse 5' - GGTACCGGCGAAGCTGGGGTTAACCAT - 3'
pETDuet-CTβ accd (AtCg00500)
CTβ (MCSI)a
pETDuet
Forward 5' - GTCGACGAAAAATCGTGGTTCAA - 3'                                                                                  
Reverse 5' - GCGGCCGCTTAATTTGTGTTCAAA - 3'
pETDuet-CTβ(S265L) accd (AtCg00500)
CTβ(S265L)
pETDuet same as listed above Modified from pETDuet-CTβ
pCDFDuet-BCCP1-BC
cac1A (At5g16390)                                        
cac2 (At5g35360)
BCCP1 (MCSI)a                                                   
BC (MCSII)a pCDFDuet same as listed above Used for dual expression
pCDFDuet-BCCP2-BC
cac1b (At5g15530)                                      
cac2 (At5g35360)
BCCP2 (MCSI)a                                                                          
BC (MCSII)a pCDFDuet same as listed above Used for dual expression
pETDuet-CTα-CTβ
cac3 (At2g38040)                                           
accd (AtCg00500)
CTβ (MCSI)a                                                        
CTα (MCSII)a pETDuet same as listed above Used for dual expression
pETDuet-CTα-
CTβ(S265L)
cac3 (At2g38040)                                           
accd (AtCg00500)
CTβ(S265L) (MCSI)a                                                                            
CTα (MCSII)a pETDuet same as listed above Used for dual expression
pCDFDuet-MCCA-S mcca (At1g03090)
MCCA-S (MCSI)a
pCDFDuet
Forward 5' - CGAGCTCGGCGCGCCAAATGAAGCCTAAGGAGCAATG - 3'                                                    
Reverse 5' - TTGTCGACCTGCAGGTTACCCTTTGATCCTGAATAG - 3'
pCDFDuet-MCCA-L mcca (At1g03090)
MCCA-L (MCSI)a
pCDFDuet generated from pCDFDuet-MCCA-S
See methods for primers used to generated 
mcca-l from isolated cDNA
pCDFDuet-MCCB mccb (At1g03090)
MCCB (MCSII)a
pCDFDuet
Forward 5' - CATATGTCTCGTCCCGATCCTTTTCG - 3'                                                                
Reverse 5' - CTCGAGTTACATTCTAAAGACACCAAA - 3'
pCDFDuet-MCCA-S-
MCCB
mcca (At1g03090)                         
mccb (At1g03090)
MCCA (MCSI)a                                                 
MCCB (MCSII)a pCDFDuet same as listed above Used for dual expression
pCDFDuet-MCCA-L-
MCCB
mcca (At1g03090)                         
mccb (At1g03090)
MCCA (MCSI)a                                                  
MCCB (MCSII)a pCDFDuet generated from pCDFDuet-MCCA-S-MCCB Used for dual expression
pET30b-BCCPL1 bccpl1 (At1g52670)
BCCPL1
pet30b see notes
Cloned from pBluescipt SK using NcoI and 
BamHI restriction enzymes
pET30b-BCCPL2 bccpl2 (At3g15690)
BCCPL2
pet30b see notes
Cloned from pBluescipt SK using NcoI and 
BamHI restriction enzymes
pET30b-BCCPL3 bccpl3 (AT3g56130)
BCCPL3
pet30b
Forward 5' - TTCTTCTTCCATGGCGTCT - 3'                                                                                       
Reverse 5' - CTTATGGCCGAGCTCTTTTT - 3'
pET30b-BCCPL1(G230K) bccpl1 (At1g52670)
BCCPL1(G230K)
pet30b see notes Point Mutations made on pET30b-BCCPL1
pET30b-BCCPL2(G219K) bccpl2 (At3g15690)
BCCPL2(G219K)
pet30b see notes Point Mutations made on pET30b-BCCPL2
pET30b-BCCPL3(G238K) bccpl3 (AT3g56130)
BCCPL3(G238K)
pet30b same as listed above Point Mutations made on pET30b-BCCPL3
a MCSI is the first multiple cloning site of the Duet vector while MCSII represents the second cloning site
5
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Figure 1: General schematics of the organization of subunits and domains of A) 
htACC and B) MCC. Biotin along with portions of BCCP are thought to act as a 
swinging arm to first carboxylate the distal nitrogen of biotin at the BC active site and 
second to transfer this carboyl group to the appropriate substrate at the active site of 
CT. 
  
A) 
B) 
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Figure 2: BlastP analysis of protein sequences from the The Arabidopsis 
Information Resource (TAIR) (Arabidopsis.org). (A) BCCP1. (B) BCCP2. 
(C) BC. (D) CTα. (E) MCCA-L. (F) MCCB. Numbers to the left of the 
red/pink bars indicate the first amino acid that aligned to the query 
sequence. 
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Figure 3: Amino acid alignments performed using AlignX. The entire E. coli BCCP 
amino acid sequence was aligned with A) BCCP1 and B) BCCP2. 
A) 
B) 
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Figure 4: Coomassie blue stained purified protein preparations. 
Molecular weight marks based on Precision Plus Protein™ 
Kaleidoscope™ Standards (Biorad). BCCP1 and BCCP2 appear larger 
than their actual molecular weight due enriched levels of proline and 
alanine. 
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Figure 5: Co-Purification of CTα and CTβ. Fractions collected during 
purification were ran on SDS-PAGE and stained with Coomassie blue. 
The majority of CTβ containing serine at position #265 flowed through (*) 
while almost all of CTβ(S265L) was pulled through with the polyhistidine 
tagged CTα.
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Figure 6: Non-denaturing PAGE analysis of BCCP1, BCCP2, and BC. Protein was detected using western blot analysis for 
antibodies specific to the tagged protein.  The majority of BCCP1 protein is present near the bottom of the gel in what is 
interpreted as either monomer/dimer or dimer/tetramer. BCCP2 migrated higher in the gel indicating larger oligomers are 
possible. BC showed a wide distribution of populations with a large portion appearing as monomer and dimer.
6
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Figure 7: Non-denaturing PAGE analysis of CTα-CTβ co-purified preparations. 
A serial dilution of prep was loaded from 10 to 1.25 μg protein. The presence of 
leucine at position #265 has introduced two new co-populations of CT complex 
(indicated by *). A CTα-CTβ heterodimer weighs approximately 135 kDa. 
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Figure 8: Gel Filtration (Size Exclusion) FPLC analysis of dilutions of BCCP1 and 
BCCP2. Chromatograms represent UV absorbance versus retention volume. Protein 
was loaded as follows (blue = 20 μg, red = 10 μg, pink = 5 μg). See Table 3 for 
peak analysi
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Table 3: Peak analysis of figure 11.            
  Peak 
average RV 
(ml) (n=3) 
calculated 
massa 
(kDa) 
oligomeric 
stateb 
Stokes 
Radiusa 
(Å) 
Area of a circular 
Cross section (Å2) Oligomeric State 
BCCP1 
a 16.30 15.84 0.68 21.19 1410.2 monomer 
b 14.74 35.44 1.53 29.81 2790.0 dimer (compact) 
c 14.17 47.36 2.04 33.45 3512.4 dimer (relaxed) 
d 11.92 151.16 6.52 50.81 8107.2 hexamer 
aggregate 7.52 1459.76 63.01 97.77 30015.7 aggregate 
BCCP2 
a 17.15 10.23 0.51 17.42 952.7 monomer (compact) 
b 16.39 15.10 0.76 20.75 1351.5 monomer (intermediate) 
c 15.83 20.14 1.01 23.54 1739.5 monomer (relaxed) 
d 14.56 38.81 1.95 30.92 3001.7 dimer (compact) 
d' ndc ndc ndc ndc ndc dimer (relaxed) 
e 12.41 117.65 5.92 46.68 6842.1 hexamer 
aggregate 7.59 1403.24 70.58 96.81 29426.1 aggregate 
a The calculated mass and stokes radius were determined based off of gel filtration standards (Biorad) 
b oligomeric states calculated by taking the calculated mass divided by the known mass of holo-BCCP  
c peak d' did not integrate but is assumed to be a second dimer state of BCCP2   
6
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Figure 9: FPLC analysis of BCCP1 (A) and BCCP2 (B) population retention. 
Fractions were collected from the original FPLC run of the mixture of BCCP 
oligomer populations and allowed to incubate on ice for 2 hours. Fractions were 
then rerun on FPLC to look for dissociation/association of oligomers. Fractions 
collected were as follows: From BCCP1 original run; a) A3+A4, b) B6. From 
BCCP2 original run; c) A2, A3, A4  d) A10, e) B1, C1, C2
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Figure 10: Gel Filtration (Size Exclusion) FPLC analysis of BCCP1 and BCCP2 at a 
range of NaCl concentrations. Chromatograms represent UV absorbance (260 nm) 
versus retention volume. NaCl concentrations were as follows: Top; blue = 50 mM, 
red = 100 mM, pink = 200 mM, brown dash = 400 mM, cyan dash = 800 mM. 
Bottom; blue = 50 mM, red = 100 mM, pink = 200 mM, gray = 400 mM, brown dash 
= 800 mM)
71 
 
 
 
 
Figure 11: Biotinylation studies of BCCP1 and BCCP2. Testing the effect of feeding biotin to E. coli cultures expressing 
various BCCP constructs with or without the co-expression of maBPL. Identical concentrations determined by OD280 of 
soluble protein collected from each culture were run on SDS-PAGE and biotin detected using streptavidin-HRP. Bands at 35 
kDa correspond to BCCP1. The band at 17 kDa corresponds to BCCP1(Δ199). Bands at 25 kDa correspond to BCCP2. The 
band at 10 kDa corresponds to BCCP2(Δ174). Larger bands in BCCP2 lanes are interpreted as undissociated dimer and 
hexamer. The bands at 19 kDa correspond to E. coli BCCP.
7
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Figure 12: Comparison of CD spectra from BCCP1 (Green) and BCCP2 (Blue). 
Measurements are an average of 5 scans from 250 nm to 190 nm reading every 0.2 
nm. Molar ellipticity [θ] is expressed as degrees cm2 dmol-1 to correct for 
differences in protein concentration. 
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Figure 13: Determination of secondary structure distribution of both BCCP1 and 
BCCP2 using data from CD analyzed with CDPro (Left) compared with secondary 
structure predictions made using CHOFAS (Center) and I-TASSER (Right).  
 
74 
 
 
 
Figure 14: htACC models generated using I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Biotinylated 
lysine residues on BCCP1 and BCCP2 are shown in red. The serine at position #265 of CTβ has been highlighted in 
cyan.
7
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Figure 15: BCCP1 and BCCP2 space filling models. Hydrophobic residues 
shown in blue (Phe, Ile, Trp, Leu, Val, Met, Tyr, Cys, Ala). Hydrophilic 
residues shown in yellow (Arg, Lys, Asn, Glu, Gln, Ser, Asp). Neutral 
residues shown in gray (Thr, His, Pro, Gly). Biotinylated lysine is shown in 
pink (BCCP1) and orange (BCCP2). 
. 
  
76 
 
Figure 16: I-TASSER model analysis of CTβ (cyan) and CTβ(S265L) (light 
yellow). A) CTβ and CTβS265L overlayed with serine and leucine (at position 
#265) shown in red. A surface model of both structures (in the same orientation) 
indicates a small channel with two openings exposing the serine hydroxyl group in 
CTβ (circled) that is not present in the CTβS265L surface model. B) A closer look 
at position #265 reveals it sits on the end of an α-helix and projects towards a small 
β-sheet. This β-sheet contains several hydrophobic residues that point towards 
position #265 (V322, L323, V326, and I359 shown in pink (left) and light blue 
(right).These residues (shown in orange) are homologous to the known crystal 
structure of CT from S.aureus (yellow) (pdbID:2f9i)  
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Figure 17: I-TASSER models of MCCA-S (BC domain) (cyan) and MCCA-L(BC domain) (green) isoforms compared to 
htACC BC (magenta)  subunit. The active site opening is identified distal to the α-helices present in MCCA-L and htACC-BC. 
The flexible B domain is circled (purple). MCCB is shown below in orange. The dashed lines indicate the axis of 
pseudosymmetry.  
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Figure 18: FT-ICR MS. Comparison of BCCP1 (top) with BCCP2 (bottom) mass spectrum. 
Accurate m/z values are reported for the various BCCP species identified.  
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Figure 19: IT-IM-TOF-MS. Comparison of BCCP1 (top) with BCCP2 (bottom) mass spectrum. Charge states indicated 
above each peak cluster.
7
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Figure 20: IT-IM-TOF-MS Mass spectrum and ion mobility of BCCP1 and BCCP2. The precence of discs in between charge 
states indicates the potential for dimers (indicated by *) in the BCCP2 spectrum.
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Figure 21: Cross sections derived from ion mobility data 
shown for each charge state of BCCP1 (left) and BCCP2 
(right). BCCP1 had charge states of +14 to +21 while 
BCCP2 had charge states of +8 to +21. BCCP isoforms are 
opened to an elongated state at high charge states. As the 
charge state lowers, both BCCP isoforms folds to a smaller 
size. 
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Figure 22: Charge states +21, +17, and +14 shown for BCCP1 
(1) and BCCP2 (2). When highly charged (+21) both BCCP 
isoforms are in an open (elongated) state. At lower charge states 
both BCCP isoforms fold (collapse) to a smaller, similar size.
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Figure 23: van Holde-Weichet analysis of velocity analytical ultracentrifugation of BCCP1 
(A, C, E) and BCCP2 (B, D, F). A and B show velocity data acquired at 20 
ο
C and  
50,000 RMP. C and D are extrapolation plots based off of the scans collected and shown in A 
and B. Histograms (E and F) represent the relative concentration of protein for each 
population of BCCP isoform derived from the sedimentation coefficient integral distribution 
plot (E and F embedded). 
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pET30f (modified from pET30b by Fuyuan Jing) 
 
 
 
Supplemental Figure 1: Vector map, sequence features, and nucleotide sequence of pET30f 
provided by Fuyuan Jing (Iowa State University, Ames, IA)
pET30f
5328 bp
KanR2
ORF frame 3
ORF frame 2
pGEX 3 primer
ROP
lacI
pBRrevBam primer
lacO
T7 transl en RBS
6xHis
T7 Terminal primer
6xHis
TEV protease site
T7 promoter
f1 origin
pBR322 origin
T7 terminator
BamHI (5127 )
EcoRI (5133)
HindIII (5152)
SmaI (107 0)
XmaI (1068)
NdeI (507 5)
Xho I (5167 )
AvaI (1068)
AvaI (5167 )
Cla I (1251)
Cla I (4968)
ApaLI (1828)
ApaLI (2328)
ApaLI (4263)
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LOCUS       pET30f                  5328 bp    DNA     circular     27-DEC-2011 
DEFINITION  Complementary copy of pET-30b+. 
SOURCE       
  ORGANISM   
COMMENT     This file is created by Vector NTI 
            http://www.invitrogen.com/ 
COMMENT     ORIGDB|GenBank 
COMMENT     VNTDATE|592492366| 
COMMENT     VNTDBDATE|610648709| 
COMMENT     LSOWNER| 
COMMENT     VNTNAME|pET30f| 
COMMENT     VNTAUTHORNAME|fyjing| 
FEATURES             Location/Qualifiers 
     rep_origin      29..335 
                     /vntifkey="33" 
                     /label=f1_origin 
     gene            complement(560..1375) 
                     /gene="KanR2" 
                     /vntifkey="60" 
     CDS             complement(560..1375) 
                     /gene="KanR2" 
                     /vntifkey="4" 
                     /label=KanR2 
                     /note="ORF frame 3" 
     rep_origin      1481..2100 
                     /vntifkey="33" 
                     /label=pBR322_origin 
     misc_feature    2499..2521 
                     /vntifkey="21" 
                     /label=pGEX_3_primer 
     misc_feature    complement(2515..2706) 
                     /vntifkey="21" 
                     /label=ROP 
     gene            3181..3456 
                     /gene="tet(852-576)" 
                     /vntifkey="60" 
     CDS             complement(3515..4474) 
                     /vntifkey="4" 
                     /label=ORF\frame\3 
     misc_feature    complement(3515..4606) 
                     /vntifkey="21"                 
   /label=lacI 
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   CDS             complement(4347..5078) 
                     /vntifkey="4" 
                     /label=ORF\frame\2 
     gene            4689..4952 
                     /gene="tet(564-300)" 
                     /vntifkey="60" 
     misc_feature    4881..4900 
                     /vntifkey="21" 
                     /label=pBRrevBam_primer 
     promoter        4988..5006 
                     /vntifkey="30" 
                     /label=T7_promoter 
     misc_feature    5006..5033 
                     /vntifkey="21" 
                     /label=lacO 
     misc_feature    5051..5067 
                     /vntifkey="21" 
                     /label=T7_transl_en_RBS 
     misc_feature    5172..5189 
                     /vntifkey="21" 
                     /label=6xHis 
     misc_feature    complement(5242..5260) 
                     /vntifkey="21" 
                     /label=T7_Terminal_primer 
     terminator      5200..5328 
                     /vntifkey="43" 
                     /label=T7_terminator 
     source          complement(1..5328) 
                     /organism="pET-30 b (+)" 
                     /mol_type="other DNA" 
                     /vntifkey="98" 
     misc_feature    5079..5096 
                     /vntifkey="21" 
                     /label=6xHis 
     misc_feature    5103..5123 
                     /vntifkey="21" 
                     /label=TEV\protease\site 
BASE COUNT     1257 a      1431 c      1370 g      1270 t  
ORIGIN 
        1 tggcgaatgg gacgcgccct gtagcggcgc attaagcgcg gcgggtgtgg tggttacgcg  
       61 cagcgtgacc gctacacttg ccagcgccct agcgcccgct cctttcgctt tcttcccttc  
      121 ctttctcgcc acgttcgccg gctttccccg tcaagctcta aatcgggggc tccctttagg  
      181 gttccgattt agtgctttac ggcacctcga ccccaaaaaa cttgattagg gtgatggttc  
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      241 acgtagtggg ccatcgccct gatagacggt ttttcgccct ttgacgttgg agtccacgtt  
      301 ctttaatagt ggactcttgt tccaaactgg aacaacactc aaccctatct cggtctattc  
      361 ttttgattta taagggattt tgccgatttc ggcctattgg ttaaaaaatg agctgattta  
      421 acaaaaattt aacgcgaatt ttaacaaaat attaacgttt acaatttcag gtggcacttt  
      481 tcggggaaat gtgcgcggaa cccctatttg tttatttttc taaatacatt caaatatgta  
      541 tccgctcatg aattaattct tagaaaaact catcgagcat caaatgaaac tgcaatttat  
      601 tcatatcagg attatcaata ccatattttt gaaaaagccg tttctgtaat gaaggagaaa  
      661 actcaccgag gcagttccat aggatggcaa gatcctggta tcggtctgcg attccgactc  
      721 gtccaacatc aatacaacct attaatttcc cctcgtcaaa aataaggtta tcaagtgaga  
      781 aatcaccatg agtgacgact gaatccggtg agaatggcaa aagtttatgc atttctttcc  
      841 agacttgttc aacaggccag ccattacgct cgtcatcaaa atcactcgca tcaaccaaac  
      901 cgttattcat tcgtgattgc gcctgagcga gacgaaatac gcgatcgctg ttaaaaggac  
      961 aattacaaac aggaatcgaa tgcaaccggc gcaggaacac tgccagcgca tcaacaatat  
     1021 tttcacctga atcaggatat tcttctaata cctggaatgc tgttttcccg gggatcgcag  
     1081 tggtgagtaa ccatgcatca tcaggagtac ggataaaatg cttgatggtc ggaagaggca  
     1141 taaattccgt cagccagttt agtctgacca tctcatctgt aacatcattg gcaacgctac  
     1201 ctttgccatg tttcagaaac aactctggcg catcgggctt cccatacaat cgatagattg  
     1261 tcgcacctga ttgcccgaca ttatcgcgag cccatttata cccatataaa tcagcatcca  
     1321 tgttggaatt taatcgcggc ctagagcaag acgtttcccg ttgaatatgg ctcataacac  
     1381 cccttgtatt actgtttatg taagcagaca gttttattgt tcatgaccaa aatcccttaa  
     1441 cgtgagtttt cgttccactg agcgtcagac cccgtagaaa agatcaaagg atcttcttga  
     1501 gatccttttt ttctgcgcgt aatctgctgc ttgcaaacaa aaaaaccacc gctaccagcg  
     1561 gtggtttgtt tgccggatca agagctacca actctttttc cgaaggtaac tggcttcagc  
     1621 agagcgcaga taccaaatac tgtccttcta gtgtagccgt agttaggcca ccacttcaag  
     1681 aactctgtag caccgcctac atacctcgct ctgctaatcc tgttaccagt ggctgctgcc  
     1741 agtggcgata agtcgtgtct taccgggttg gactcaagac gatagttacc ggataaggcg  
     1801 cagcggtcgg gctgaacggg gggttcgtgc acacagccca gcttggagcg aacgacctac  
     1861 accgaactga gatacctaca gcgtgagcta tgagaaagcg ccacgcttcc cgaagggaga  
     1921 aaggcggaca ggtatccggt aagcggcagg gtcggaacag gagagcgcac gagggagctt  
     1981 ccagggggaa acgcctggta tctttatagt cctgtcgggt ttcgccacct ctgacttgag  
     2041 cgtcgatttt tgtgatgctc gtcagggggg cggagcctat ggaaaaacgc cagcaacgcg  
     2101 gcctttttac ggttcctggc cttttgctgg ccttttgctc acatgttctt tcctgcgtta  
     2161 tcccctgatt ctgtggataa ccgtattacc gcctttgagt gagctgatac cgctcgccgc  
     2221 agccgaacga ccgagcgcag cgagtcagtg agcgaggaag cggaagagcg cctgatgcgg  
     2281 tattttctcc ttacgcatct gtgcggtatt tcacaccgca tatatggtgc actctcagta  
     2341 caatctgctc tgatgccgca tagttaagcc agtatacact ccgctatcgc tacgtgactg  
     2401 ggtcatggct gcgccccgac acccgccaac acccgctgac gcgccctgac gggcttgtct  
     2461 gctcccggca tccgcttaca gacaagctgt gaccgtctcc gggagctgca tgtgtcagag  
     2521 gttttcaccg tcatcaccga aacgcgcgag gcagctgcgg taaagctcat cagcgtggtc  
     2581 gtgaagcgat tcacagatgt ctgcctgttc atccgcgtcc agctcgttga gtttctccag  
     2641 aagcgttaat gtctggcttc tgataaagcg ggccatgtta agggcggttt tttcctgttt  
     2701 ggtcactgat gcctccgtgt aagggggatt tctgttcatg ggggtaatga taccgatgaa       
     2761 acgagagagg atgctcacga tacgggttac tgatgatgaa catgcccggt tactggaacg  
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     2821 ttgtgagggt aaacaactgg cggtatggat gcggcgggac cagagaaaaa tcactcaggg  
     2881 tcaatgccag cgcttcgtta atacagatgt aggtgttcca cagggtagcc agcagcatcc  
     2941 tgcgatgcag atccggaaca taatggtgca gggcgctgac ttccgcgttt ccagacttta  
     3001 cgaaacacgg aaaccgaaga ccattcatgt tgttgctcag gtcgcagacg ttttgcagca  
     3061 gcagtcgctt cacgttcgct cgcgtatcgg tgattcattc tgctaaccag taaggcaacc  
     3121 ccgccagcct agccgggtcc tcaacgacag gagcacgatc atgcgcaccc gtggggccgc  
     3181 catgccggcg ataatggcct gcttctcgcc gaaacgtttg gtggcgggac cagtgacgaa  
     3241 ggcttgagcg agggcgtgca agattccgaa taccgcaagc gacaggccga tcatcgtcgc  
     3301 gctccagcga aagcggtcct cgccgaaaat gacccagagc gctgccggca cctgtcctac  
     3361 gagttgcatg ataaagaaga cagtcataag tgcggcgacg atagtcatgc cccgcgccca  
     3421 ccggaaggag ctgactgggt tgaaggctct caagggcatc ggtcgagatc ccggtgccta  
     3481 atgagtgagc taacttacat taattgcgtt gcgctcactg cccgctttcc agtcgggaaa  
     3541 cctgtcgtgc cagctgcatt aatgaatcgg ccaacgcgcg gggagaggcg gtttgcgtat  
     3601 tgggcgccag ggtggttttt cttttcacca gtgagacggg caacagctga ttgcccttca  
     3661 ccgcctggcc ctgagagagt tgcagcaagc ggtccacgct ggtttgcccc agcaggcgaa  
     3721 aatcctgttt gatggtggtt aacggcggga tataacatga gctgtcttcg gtatcgtcgt  
     3781 atcccactac cgagatgtcc gcaccaacgc gcagcccgga ctcggtaatg gcgcgcattg  
     3841 cgcccagcgc catctgatcg ttggcaacca gcatcgcagt gggaacgatg ccctcattca  
     3901 gcatttgcat ggtttgttga aaaccggaca tggcactcca gtcgccttcc cgttccgcta  
     3961 tcggctgaat ttgattgcga gtgagatatt tatgccagcc agccagacgc agacgcgccg  
     4021 agacagaact taatgggccc gctaacagcg cgatttgctg gtgacccaat gcgaccagat  
     4081 gctccacgcc cagtcgcgta ccgtcttcat gggagaaaat aatactgttg atgggtgtct  
     4141 ggtcagagac atcaagaaat aacgccggaa cattagtgca ggcagcttcc acagcaatgg  
     4201 catcctggtc atccagcgga tagttaatga tcagcccact gacgcgttgc gcgagaagat  
     4261 tgtgcaccgc cgctttacag gcttcgacgc cgcttcgttc taccatcgac accaccacgc  
     4321 tggcacccag ttgatcggcg cgagatttaa tcgccgcgac aatttgcgac ggcgcgtgca  
     4381 gggccagact ggaggtggca acgccaatca gcaacgactg tttgcccgcc agttgttgtg  
     4441 ccacgcggtt gggaatgtaa ttcagctccg ccatcgccgc ttccactttt tcccgcgttt  
     4501 tcgcagaaac gtggctggcc tggttcacca cgcgggaaac ggtctgataa gagacaccgg  
     4561 catactctgc gacatcgtat aacgttactg gtttcacatt caccaccctg aattgactct  
     4621 cttccgggcg ctatcatgcc ataccgcgaa aggttttgcg ccattcgatg gtgtccggga  
     4681 tctcgacgct ctcccttatg cgactcctgc attaggaagc agcccagtag taggttgagg  
     4741 ccgttgagca ccgccgccgc aaggaatggt gcatgcaagg agatggcgcc caacagtccc  
     4801 ccggccacgg ggcctgccac catacccacg ccgaaacaag cgctcatgag cccgaagtgg  
     4861 cgagcccgat cttccccatc ggtgatgtcg gcgatatagg cgccagcaac cgcacctgtg  
     4921 gcgccggtga tgccggccac gatgcgtccg gcgtagagga tcgagatcga tctcgatccc  
     4981 gcgaaattaa tacgactcac tataggggaa ttgtgagcgg ataacaattc ccctctagaa  
     5041 ataattttgt ttaactttaa gaaggagata tacatatgca ccatcatcat catcattctt  
     5101 ctgagaacct gtatttccag ggctcggatc cgaattcgag ctccgtcgac aagcttgcgg  
     5161 ccgcactcga gcaccaccac caccaccact gagatccggc tgctaacaaa gcccgaaagg  
     5221 aagctgagtt ggctgctgcc accgctgagc aataactagc ataacccctt ggggcctcta  
     5281 aacgggtctt gaggggtttt ttgctgaaag gaggaactat atccgg
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CHAPTER III: FUNCTIONAL ANALYSIS OF ACETYL-COA CARBOXYLASE 
FROM ARABIDOPSIS THALIANA 
 
Abstract 
 
Acetyl-CoA Carboxylase (ACC) catalyzes the conversion of acetyl-CoA to malonyl-
CoA. Dicot plants have a homomeric ACC (hmACC) located in the cytosol responsible for 
the generation of malonyl-CoA pools for fatty acid elongation and secondary metabolites 
such as isoprenoids. Dicots utilize a heteromeric ACC (htACC) consisting of four subunits 
which as a holo-htACC generate malonyl-CoA for de novo fatty acid biosynthesis in the 
plastid. All ACC contain three functional domains. Biotin carboxylase (BC) catalyzes the 
ATP dependent carboxylation of biotin while carboxyltransferase (CT) catalyzes the transfer 
of the carboxyl group from biotin to acetyl-CoA. A biotin carboxyl carrier protein (BCCP) 
contains the cofactor biotin that is covalently linked to a conserved lysine residue and 
mediates between both half reactions. To date, little is known of the functional repercussions 
of the genetic diversity discussed in Chapter I and II including BCCP isoforms (BCCP1 and 
BCCP2) and CTβ serine to leucine point mutations. Chapter III describes the use of 
heterologous expression in E. coli to generate kinetically active subunits as determined by the 
use of traditional coupling assays. BC substrate binding and characterization of BCCP1 and 
BCCP2 interaction with BC was studied using Differential Scanning Fluorimetry (DSF). 
Additionally, the BCCP-like (BCCPL) proteins discussed in Chapter I and II were studied 
using sequence alignment, molecular modeling, and site-directed mutagenesis. Although 
90 
previous evidence supports the idea that the BCCPL proteins interact with htACC in 
Arabidopsis, studies described in this chapter found BCCPL proteins are not biotinylated 
even when the appropriate lysine residue is present. 
 
Introduction 
 
A complete search of all kinetic information available on the Comprehensive Enzyme 
Information System (BRENDA, http://www.brenda-enzymes.info/index.php4) reveals that to 
date there have been 30 papers published describing  23 unique ACC [EC6.4.1.2] (17 
hmACC, 4 htACC, and 2 intermediate ACC). Additional searching reveals there have been 
12 papers describing 14 unique MCC [EC 6.4.1.4], 2 papers describing 2 unique GCC [EC 
6.4.15], 11 papers describing 10 unique PCC [EC 6.1.4.3], and 25 papers describing 20 
unique PC [EC 6.4.1.1]. This introduction does not attempt to fully summarize the findings 
described in all the above mentioned studies but instead focuses on information relevant to 
htACC.   
Driven by the societal need for novel antibiotic targets, a relatively large amount of 
data is available for htACC from bacterial sources. Examples include the selective inhibition 
of E. coli, S. aureus, and B. subtilis with pyrrolidine diones that exhibit high to moderate 
inhibition to bacterial htACC while showing no inhibition to plant or rat hmACC (Freiberg 
2004). In 2005 an in vitro high-throughput method for screening htACC inhibitors from E. 
coli was developed that could be conducted at low (near physiologically relevant) protein 
concentrations with htACC being reconstituted in vitro (Soriano 2006). They go on to show 
that both half reactions occur at a 1:1 stoichiometric ratio and that holo-BCCP is an 
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astonishing 125,000-fold better substrate than biocytin. Alves et al. modified Soriano’s high-
throughput screening method in their study of Acinetobacter baumannii and Klebsiella 
pneumonia htACC that were reconstituted in vitro (Alves 2011).  More recently, holo-htACC 
complex from E. coli was purified (Broussard 2013). Here, for the first time, it was shown 
that E. coli htACC can form a holo-ACC complex containing BC, BCCP, and CT as evident 
from pull down assays. They go on to suggest that, although both BC and CT are active in 
their respective half reactions, BC catalysis increases significantly when in the presence of 
BCCP, CT, and acetyl-CoA suggesting cooperativity in the E. coli holo-enzyme. 
As mentioned above, there is minimal direct functional/kinetic data available for 
htACC from plant sources. The first studies conducted on chloroplast extracts came from 
avocado fruit and spinach leaves (Mohan 1980). Here, homogenized plastids were assayed 
for their ability to incorporate H
14
C03
-
 with acetyl-CoA to form acid stable 
14
C-labeled 
malonyl-CoA. Mohan et al. went on to show that either Mg
2+
 or Mn
2+
 was required for 
htACC activity. Later, Sun et al. studying BC from Arabidopsis found that BC encoded by 
the Arabidopsis gene CAC2 expressed in E. coli could maintain activity with free biotin (Sun 
1997). Also in 1997, Sasaki et al. isolated htACC from the plastids of Pea plants as well as 
hmACC from the cytosol (Sasaki 1997). By studying the incorporation of H
14
C03
-
 with 
acetyl-CoA Sasaki showed that htACC is regulated by factors linked to photosynthesis 
including redox levels, pH, and Mg
2+
 while hmACC was not (though hmACC also requires 
Mg
2+
). They found that active htACC requires the presence of a reductant such as DTT and is 
optimal at pH 8.0.  
Although in some cases it may be advantageous to study htACC extracted dirrectly 
from plant tissues, this method does not allow for the systematic separation of isozymes that 
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have been outlined in this dissertation that are present in Arabidopsis htACC. It also may 
lead to contamination of hmACC from the cytosol. The only way to methodically study the 
natural variation present in Arabidopsis htACC in vivo and in vitro is through the 
heterologous expression and reconstitution in a suitable host, which in this study is E. coli.  
 In addition to classic kinetics approaches, htACC functional diversity may be 
dissected using Differential Scanning Fluorimetry (DSF). It has been known that the binding 
of small molecules may thermally stabilize a protein as early as the 1950s (Koshland 1958). 
Advancements in real-time PCR thermocylers combined with the development of novel 
fluorescent dyes has led to an increase in the use of thermal shift assays, also known as 
differential scanning fluorimetry (DSF), in the study of protein stability and ligand binding. 
DSF, when performed in 96- (or 384-) well format can be used to screen and test many 
variables effecting protein stability in a high-throughput fashion with a minimal amount of 
protein used (Niesen 2007). This chapter describes the use of DSF as a means to describe the 
thermal stability of BC, BCCP1, and BCCP2 as well as interactions of BC with its potential 
substrates (ATP, Mg
2+
, HCO
3-
, D-biotin, BCCP1, and BCCP2). 
This chapter aims to describe progress made in the understanding of the functional 
differences of htACC isozymes from Arabidopsis. Specifically, I found that individual 
subunits could be expressed and purified in E. coli while maintaining half-reaction catalysis 
displaying Michaelis–Menten kinetics although only CT complexes comprised of CTα-CTβ 
L265 were found to be stable. Thermal shift assays revealed that BC is stabilized in the 
presence of ATP:Mg
2+
 at 1:1.5 mixtures but is destabilized by ATP, Mg
2+
, Biotin, or HCO3
-
 
alone. Additionally, BC was stabilized by both BCCP1 and BCCP2 showing a preference to 
BCCP2. When assayed alone BCCP1 and BCCP2 showed near identical melting 
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temperatures (Tm), but when BCCP1 and BCCP2 were mixed at equal molar ratios Tm 
increased significantly indicating they may be able to form stabilized heteromeric complexes. 
Three additional putative BCCP isoforms were identified in Arabidopsis and have 
been labeled as BCCP-like (BCCPL) (Ding 2008). It has been found that these three BCCPL 
proteins are not biotinylated and in fact the conserved lysine has been replaced by a glycine 
in all three isoforms. It was also found that single BCCPL T-DNA knockouts exhibited no 
phenotype (Ding 2008) but BCCPL1/BCCPL2 double knockouts were lethal while 
BCCPL1/BCCPL3 and BCCPL2/BCCPL3 double knockouts showed no phenotype. This 
indicates that a minimum requirement of either BCCPL1 or BCCPL2 is essential for plant 
growth (Ding not published). In 1998 a small regulatory protein (12-15 kDa) involved in the 
regulation of nitrogen and carbon flux, was identified in Arabidopsis and annotated as PII 
protein based on homology to bacterial proteins with similar function (Hsieh 1998). Recently 
PII was found to inhibit htACC activity by binding to BCCP (Feria Bourrellier 2010). In 
addition to BCCP1 and BCCP2, Feria Bourrellier et al. found that all three BCCPL proteins 
bind with PII through affinity chromatography indicating that BCCPL proteins may play a 
role in the regulation or function of htACC in Arabidopsis.  Additional support for BCCPL 
interaction with htACC complex was revealed when Olinares et al. studying megadalton 
protein complexes in Arabidopsis chloroplast via size exclusion chromatography, mass 
spectrometry, and hierarchical clustering found that BCCP1 and all three BCCPL proteins 
coeluted in a ~1MDa fraction along with BC, CTα, and CTβ indicating that BCCPL proteins 
may be part of htACC in vivo (Olinares 2010). Here I report site directed mutagenesis studies 
performed in an attempt to create novel biotinylated BCCPs. It was found that mutating 
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glycine residues present at the site of biotinylation to lysine was insufficient for biotinylation 
to occur indicating other structural elements must be present in order to form a holo-BCCP. 
 
Materials and Methods 
 
Protein Preparation 
All htACC proteins described in chapter III were prepared in the same manner 
described in Chapter II of this dissertation.  
Kinetics assays 
Enzymatic activity was observed for BC half reactions by coupling the BC dependent 
ATP hydrolysis to ADP and Pi with pyruvate kinase and lactate dehydrogenase and described 
by Guchhait et al. 1975a.  Reactions were monitored by following the oxidation of NADH to 
NAD
+
 by lactate dehydrogenase at 340 nm using a molar extinction coefficient of 6,220 M
-
1
cm
-1
. Assays were carried out in 96-well format at 37 
ο
C with a final well volume of 50 μl. 
The standard reaction contained 20 mM Tris-HCl pH 8.1; 3 mM MgCl2, 1 mM DTT, 5% 
ethanol, 10 mM phosphoenol pyruvate, 1 mM NADH, ~8 Units pyruvate kinase and lactate 
dehydrogenase (Sigma-Aldrich, St. Louis, MO), and 2-10 μg purified BC (dependent on the 
preparation). Concentration of the substrates ATP, D-biotin, and bicarbonate were varied 
individually to determine kinetic parameters while keeping the other substrates at saturated 
levels (10 mM, 80 mM, 10 mM respectively). All assays were performed on a BioTek 
ELx808™ Absorbance Microplate Reader using Gen5™ Data Analysis software (BioTek 
Instruments, Winooski, VT). 
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CT activity was observed by coupling the reverse CT reaction with malate 
dehydrogenase and citrate synthase first described by Guchhait et al., 1975b. Reactions were 
monitored by following the reduction of NAD
+
 to NADH by malate dehydrogenase at 340 
nm using a molar extinction coefficient of 6,220 M
-1
cm
-1
. A standard reaction contained 20 
mM Tris-HCl pH 8.1; 0.6 mg/ml BSA, 10 mM L-malate, 10 mM NAD
+
, 10 Units malate 
dehydrogenase from porcine heart (Sigma-Aldrich, St. Louis, MO) , 6 Units citrate synthase 
from porcine heart (Sigma-Aldrich, St. Louis, MO), and ~1ug purified CT (dependent on the 
preparation). Concentration of the substrates D-biotin and malonyl-CoA were varied 
individually to determine kinetic parameters while keeping the other substrate at saturated 
levels (when possible) (80 mM and 10 mM respectively). Analysis of all kinetic data was 
performed using GraphPad Prism ver. 6.01 for Windows using the kcat (Michaelis-Menton 
kinetics) function (GraphPad Software, La Jolla, CA, www.graphpad.com). 
Thermal shift assays 
Differential scanning fluorimetry (DSF) was used in protein thermal shift assays in a 
StepOnePlus™ Real-Time PCR System (Applied Biosystems life technologies, Carlsbad, 
CA) in a 96-well plate setup. Data was recorded using StepOne™ Software (Applied 
Biosystems life technologies, Carlsbad, CA). The dye SYPRO® Orange (Applied 
Biosystems life technologies, Carlsbad, CA) was used to monitor protein unfolding. Protein 
to dye ratios were first optimized in 20 mM Tris-HCl pH 8.1 with 5% glycerol with stock 
SYPRO® Orange considered 50,000X concentration diluted in ddH2O to a working 
concentration of 400X. Protein concentration varied from 10 ug to 0.625 ug while final dye 
concentration varied from 80X to 5X concentration per 20 μl reaction. The temperature was 
varied from 25 
ο
C to 99 
ο
C at a rate of 2 
ο
C per minute. SYPRO® Orange fluorescence was 
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measured using an excitation wavelength of 492 nm and an emission wavelength of 610 nm. 
Melting temperature (Tm) values were calculated in Protein Thermal Shift™ Software v1.0 
(Applied Biosystems life technologies, Carlsbad, CA) using the Boltzmann method. Ligands 
were tested at various concentrations using the optimum protein to dye ratio found for each 
protein in the absence of ligand.  The change in Tm (ΔTm) was taken as the difference in 
melting temperature between ligand-bound and ligand-free protein. 
Avidin purified from egg white and Streptavidin purified from Streptomyces avidinii 
(Sigma-Aldrich, St. Louis, MO) were used as controls for biotin binding. Avidin and 
streptavidin were optimized to melt at concentrations of 0.94 μM and 1 μM respectively with 
a dye concentration of 12.5X. D-biotin concentrations were kept in the μM range. 
BCCP-like experiments 
At1g52670, At3g15690, and At3g56130 encoding the ORF for proteins BCCP-like 1 
(BCCPL1), BCCP-like 2 (BCCPL2), and BCCP-like 3 (BCCPL3) respectively were first 
characterized by Geng Ding (Ding, 2008). These genes were previously cloned into pET30-b 
vectors by Geng Ding.  
The full cDNA gene sequences from TAIR (http://www.arabidopsis.org/index.jsp) 
were translated and full BCCPL protein sequences were subjected to I-TASSER molecular 
modeling identical to molecular modling described in Chapter II (Zhang 2008, Zhang 2009, 
Roy 2010). 3D structural alignment (PyMOL) with BCCP1 and BCCP2 was used in concert 
with primary sequence alignment (CLUSTALW) to identify putative amino acids for site-
directed mutagenesis (SDM). SDM was performed using QuikChange Site-Directed 
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) using standard procedures and the 
primer sets described in Table 2 (Chapter II).  
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Following SDM, BCCPL proteins were expressed in BL21(DE3) E. coli and 
solubilized as described above. Soluble protein was boiled in SDS-loading buffer and ran on 
SDS-PAGE as described in Chapter II. Western blot analysis using strepavadin-HRP (GE 
Healthcare Lifesciences, Pittsburg, PA) (diluted 1:3000 in TBST+5% powdered milk) was 
performed using standard procedures to detect protein bound biotin. Total protein was 
detected using polyhistidine tag specific antibodies as described in Chapter II. 
 
Results 
 
 Enzyme kinetics of htACC 
The htACC was assayed by separating the reaction into its two half reactions (Figure 
3). Both half reaction assays allowed for continuous monitoring by coupling to the redox 
state of NADH/NAD
+
. The BC half reaction, where the formation of carboxy-biotin is made 
energetically favorable by the hydrolysis of ATP, was monitored by coupling ATP 
hydrolysis to pyruvate kinase and lactate dehydrogenase. The BC catalyzed reaction was 
shown to be dependent on ATP, MgCl2, Biotin, and HCO3 and followed Michelis-Menton 
kinetics (Figure 4). The kinetic parameters for BC substrates can be found in Table 1. BC 
showed a high Km value for Biotin and bicarbonate indicating they are poor substrates while 
ATP kinetics were comparable with known values for homologous BC enzymes reported in 
BRENDA (http://www.brenda-enzymes.info/) (Price 2003, Charles 1986).  
CT half reaction assays were performed in the reverse direction. CT had a much 
higher affinity for free biotin compared to BC and followed Michelis-Menton kinetics (Table 
1). Although CT was found to be dependent on malonyl-CoA, saturated levels of malonyl-
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CoA were not attainable, therefore Km and Vmax parameters were not determined (Figure 5, 
Table1).  
Thermal shift analysis of htACC 
The interaction between BC and its ligands was studied using differential scanning 
fluorimetry (also referred to as a thermal shift assay). Buffered BC protein (pH 8.1) was 
unfolded by increasing the temperature in an RT-PCR thermal cycler while monitoring 
protein folding using a dye that fluoresces when bound to hydrophobic residues. The 
difference in the melting temperature (ΔTm) was determined by measuring the change in 
melting temperature between ligand-bound protein and ligand-free protein. Ligands that 
stabilize the protein will result in a positive Tm, while destabilizing ligands produce a 
negative Tm. 
BC was first tested with the substrates ATP, MgCl2, and biotin. Initially all three 
substrates appeared to destabilize BC at a range of concentrations assayed (Figure 1 A and 
B). When ATP and MgCl2 were mixed at a 1:1.5 molar ratio (e.g. 4 mM:6 mM), the Tm of 
BC increased by 3.54 ± 0.50 
ο
C. This was the only condition, which increased the Tm for BC. 
Additional assays were performed containing a mixture of ATP, MgCl2, and biotin, which 
also showed no increase in BC thermostability (not shown). As a comparison, avidin and 
streptavidin were used to test a known strong biotin binder (Figure 1 C and D). Both avidin 
and streptavidin required biotin in the μM range to induce a shift in Tm of around 6 
ο
C while 
BC showed no change in Tm at μM biotin concentrations and a significant decrease in Tm at 
higher biotin concentrations (mM range).  
Simultaneous monitoring of Tm of heterogeneous mixtures of BC and BCCP was 
possible due to significant differences in their individual Tm’s (Figure 2 A). BCCP1 and 
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BCCP2 melted at 50.31±0.77 
ο
C and 50.31±0.15 
ο
C respectively (Figure 2 B and C), while 
BC melted at 66.30±0.21 
ο
C (Figure 2 D). T- tests were performed with a cutoff value of 
0.05 to determine statistically significant ΔTm’s.  BCCP ΔTm were modest compared with BC 
ΔTm (Figure 2 C and D). The Tm of BCCP2 increased significantly when in the presence of 
BC or BC+ATP:MgCl2 while BCCP1 showed no statistically significant change in 
temperature across conditions tested. The addition of either BCCP1 or BCCP2 increased Tm 
for BC with BCCP2 showing a greater effect (Figure 2 D). This trend was also observed 
when ATP:MgCl2 was added to the assay. A mixture of BCCP1 and BCCP2 was also tested 
and showed an increase in thermostability (Figure 2 B).  
BCCP-like isoform analysis 
BCCPL models were generated using I-TASSER and compared to models of BCCP1, 
BCCP2, and the BCCP domain of MCCA. The three BCCPL sequences were considerably 
larger than BCCP1 and BCCP2 (263-281 amino acids compared to 170-207 respectively 
(Figure 7 B)). Models of BCCPL1 and BCCPL2 show similar folds to known BCCP proteins 
with the main differences occurring in the variable n-terminal domain while BCCPL3 was 
only similar at the c-terminal globular domain (Figure 6). 
A focus on only the highly conserved c-terminal domain reveals high homology both 
in primary and tertiary structure (Figure 7). Primary sequence alignment revealed that all 
three BCCPL isoforms contain a glycine at the position where the conserved lysine site of 
biotinylation lies (Figure 7 B). The BCCPL models also suggest that this same glycine 
residue lies on the hair-pin loop at the same position as the conserved lysine that is 
biotinylated in BCCP proteins (Figure 7 A). 
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Based on the primary sequence alignment and the alignment of the models, site 
directed mutagenesis was performed on BCCPL ORFs to create glycine to lysine mutants. 
Constructs expressing either wild-type BCCPLs or BCCPLs with glycine to lysine mutations 
were heterologously expressed in E. coli. Soluble protein was extracted and subjected to 
SDS-PAGE in triplicate analysis by staining and western blot. Figure 8 shows the 
overexpression of the individual proteins (Figure 8 A). Overall BCCPL1 was the most 
soluble with BCCPL2 and BCCPL3 expressing at lower levels. A western blot with his-tag 
specific antibodies was performed to confirm protein expression (Figure 8 B) while a 
streptavidin-HRP western was performed to detect biotinylated protein (Figure 8 C). The his-
tag specific western indicates no change in protein expression caused by the lysine point 
mutations.  An increased response to streptavidin-HRP was not seen in the BCCPL lysine 
mutants compared to that of wild type BCCPL. The bands occurring lower in the blot 
correspond to the size of E. coli BCCP. 
 
Discussion 
 
Heteromeric ACC catalyzes to first committed step of de novo fatty acid biosynthesis 
in dicot plastids. Four subunits must interact in order to carryout holo-ACC activity. Previous 
studies of plant and bacterial htACC have found that although holo-htACC dissociates during 
extraction and purification half-reaction catalysis is retained. This study has shown that 
heterologously expressed Arabidopsis htACC subunits maintain catalytic activity through 
overexpression in E. coli, extraction and purification. Employing this heterologous approach 
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allows for the characterization of BCCP isoforms individually as well as the activity of CT 
with either CTβ S265 or CTβ L265 present.  
Kinetics assays revealed that measurable BC activity was only found when the n-
terminal poly histidine tag was removed. The Km for ATP, D-biotin, and bicarbonate were 
determined for BC and all substrates showed Michaelis–Menten kinetics. Free biotin in 
solution has been shown to act as a poor substrate and likely not physiologically relevant. 
This study found Km for biotin to be high (51.1 mM) that agrees with previous studies from 
plant and bacterial BC (Soriano 2006, Alves 2011). Although Km for biotin was high, the Km 
for ATP and bicarbonate were in the same range as other BCs found on BRENDA indicating 
that overall BC activity is similar to others described (Price 2003, Charles 1986). 
CT purification described in Chapter II found that CTα and CTβ exclusively co-
eluted when co-expressed in E. coli. Previously it was found that Arabidopsis, lacking the 
gene responsible RNA editing of ACCD (RARE1) displayed no phenotype (Robbins 2009) 
suggesting that CTβ S265 retains sufficient activity for plant growth. In this study only CT 
complexes comprised of CTα with CTβ L265 were stable enough to be utilized in kinetics 
assays. CT half reaction kinetics showed that recombinant CT was active and dependent on 
both biotin and malonyl-CoA. D-biotin as a substrate followed Michaelis–Menten kinetics 
while saturated levels of malonyl-CoA were unattainable. Interestingly, CT was able to form 
an active complex in the presence of an n-terminal polyhistidine tag (CTα) and a c-terminal 
S-protein tag (CTβ). Together, these half-reaction kinetic assays demonstrate that the 
heterologously expressed and purified proteins retain activity. This aids in validating the 
subsequent thermal shift assays discussed below. Although BCCP1 and BCCP2 were not 
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successfully added to these kinetics assays, a platform has been established for future studies 
in this regard.  
Differential Scanning Fluorimetry (DSF) provides a platform for the high throughput 
screening using minimal protein. Crystal structures of bacterial BC in complex with 
substrates have revealed that ATP coordinates with Mg
2+
 in the active site and remains stable 
during crystallization (Chou 2009). Chou went on to show that crystal structures with biotin 
bound to BC were only possible with high (100 mM) levels of biotin and that biotin forced 
the B domain to a more open conformation exposing the active site (Chapter II, Figure 17). 
Thermal shift assays with BC found that BC is stabilized only in the presence of ATP:Mg
2+
 
with an optimal concentration of around 4 mM:6 mM respectively. Interestingly, ATP or 
Mg2+ alone did not stabilize BC. Free biotin also did not stabilize BC that agrees with the 
findings that biotin is a poor substrate and may actually act to open creating a conformational 
change exposing the BC active site that may not occur in the presence of a BCCP (Chou 
2009, Blanchard 1999). In contrast, biotin binding to avidin and streptavidin showed 
significant stabilization indicating a stark difference in the mode of binding of biotin between 
BC and avidin/streptavidin.  
Although DSF has been used in the characterization of the melting of multiple 
domains on the same protein, this dissertation describes the first use of DSF for the study of 
heteromeric protein mixtures. This would only be possible if the individual protein Tm are 
separated by a sufficient distance to resolve multiple Tm across the tested temperature range. 
Individually, BC had a Tm of 66.3 
ο
C while both BCCP1 and BCCP2 had a Tm of ~50.3 
ο
C. 
Interestingly, an equal molar mixture of BCCP1 and BCCP2 had a modest increase in ΔTm 
(1.15 
ο
C) indicating that the BCCPs may act to stabilize one another. BC Tm in the presence 
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of BCCP1 or BCCP2 increased regardless if ATP:Mg
2+
 was present or not although 
ATP:Mg
2+
 stabilized BC under all conditions tested. While both BCCP1 and BCCP2 
stabilize BC, BCCP2 had a greater effect suggesting its interaction with BC is stronger. Until 
BCCP1 and BCCP2 can be incorporated successfully into kinetics assays, it remains 
unknown whether or not this stronger interaction results in a better or worse substrate for BC. 
A study was conducted as a continuation of work piloted by Dr. Geng Ding regarding 
BCCPL proteins. Ding had previously found that the BCCPL proteins were not biotinylated 
but at least BCCPL1 or BCCPL2 was required for growth. In silico analysis of the BCCPL 
proteins suggests that they may fold similar to BCCP1 and BCCP2. Alignments of primary 
sequence and tertiary structure of BCCP1 and BCCP2 with all three BCCPL proteins 
revealed that a glycine was present on the hair-pin loop in place of the conserved lysine. To 
determine whether a glycine to lysine mutation would enable biotinylation of the BCCPL 
proteins site-directed mutagenesis was conducted. Soluble protein extracts showed that both 
wild type and glycine to lysine mutant BCCPL proteins expressed at equal levels as 
determined by poly-histidine tag specific western both analysis. Though expressed, lysine 
containing mutants were not able to be biotinylated by E. coli indicating that additional 
significant differences remain between the BCCPL proteins and BCCP1 or BCCP2 
prohibiting biotinylation. Although evidence suggests that the BCCPL proteins interact with 
htACC in Arabidposis, it remains unclear what their structure or function role is. 
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Figures and Tables 
 
 
 
           
    
Figure 1: Thermal Shift Assays. BC was tested with ATP (■) MgCl2 (▲), ATP:MgCl2 at 
1:1.5 molar ratio (●) (A), and biotin (●) (B). Avidin and streptavidin were included as 
controls for biotin binding (C and D). Error given as standard deviation (n=3)
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Figure 2: A) Example of first derivative melt curve of a mixture of BCCP2 (1) and BC(2).  
The difference in melting temperatures allowed for simultaneous monitoring of BC and 
BCCP melting temperatures. Melting temperature (Tm) in 
ο
C were measured for (A and B) 
BCCP1 (red) BCCP2 (green), an equal molar ratio of BCCP1:BCCP2 (gray), and (C) BC 
(blue, purple, brown). Protein was tested alone (control) and while perturbed by a potential 
ligand (another protein or ATP:MgCl2 at 4.7 mM:7.05 mM ratio). Data is reported as the 
absolute Tm of appropriate protein. T-tests were conducted with a cutoff value of 0.05. 
Statistically significant differences in Tm are marked above (A,B,C) and noted as follows:  
a: BCCP1:BCCP2 mix was higher than BCCP2 alone 
b: BCCP2 melted higher when in the presence of BC 
c: BCCP2 in the presence of BC and ATP:MgCl2 was statistically higher 
than BCCP2 alone and statistically lower than BCCP2 in the presence of 
BC only 
d: BC melted higher when in the presence of BCCP1,  
e: BC+ATP:MgCl2 with BCCP1 melted higher than BC+ATP:MgCl2 alone 
f: BC melted higher when in the presence of BCCP2  
g: BC+ATP:MgCl2 with BCCP2 melted higher than BC+ATP:MgCl2 alone 
h: BC+BCCP2 melted higher than BC+BCCP1 with or without 
ATP:MgCL2 
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Figure 3: Reaction pathways for coupling assays used in determining kinetic parameters of 
htACC. A) First half reaction catalyzed by BC is monitored by coupling ATP hydrolysis to 
pyruvate kinase and lactate dehydrogenase. B) Second half reaction catalyzed by CTα-CTβ is 
monitored in the reverse direction by coupling formation of acetyl-CoA production to malate 
dehydrogenase and citrate synthase. Both half reactions are monitored continuously via 
spectrophotometry at 340 nm by following the oxidation (A) or reduction (B) of 
NADH/NAD
+
 denoted with (*). 
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Figure 4: BC is dependent on biotin, ATP, and HCO3 following Michaelis-Menton kinetics. BC activity was monitored by 
μmoles of NADH converted to NAD+ per minute that occurs at equal molar ratio to the hydrolysis of ATP to ADP and Pi as 
well as moles biotin converted to carboxybiotin. Error reported as standard deviation (n=3). All data points are normalized to a 
blank containing all reaction components except for the substrate being tested. Plots and curve fitting was done using 
GraphPad Prism version 6.01 using the kcat (Michelis-Menton) function.
1
1
0
 
111 
 
 
 
 
 
 
 
 
 
Figure 5: CT is dependent on biotin and malonyl-CoA. Biotin was found to follow 
Michaelis-Menton kinetics. High enough levels of Malonyl-CoA were not possible to 
determine Km or Vmax. CT activity was monitored by μmole of NADH converted to NAD
+
 
per minute that occurs at equal molar ratio to the conversion of malonyl-CoA to acetyl-CoA 
as well as the generation of carboxy-biotin from biotin. Error reported as standard deviation 
(n=3). All data points are normalized to a blank containing all reaction components except 
for the substrate being tested. Plots and curve fitting was done using GraphPad Prism version 
6.01 using the kcat (Michelis-Menton) function. 
  
112 
Table 1: Km and Vmax and values for BC and CT half reactions 
Enzyme Substrate 
Km                                                                                 
(mM)a 
Vmax                                           
(μmole min-1)a 
BC 
Biotin 51.11 ± 11.06 0.998 ± 0.111 
ATP 1.51 ± 0.275 0.736 ± 0.073 
HCO3 30.07 ± 13.46 2.757 ± 0.979  
CT 
Biotin 12.37 ± 1.73 2.20 ± 0.098 
Malonyl-CoA Ambiguousb Ambiguousb 
a Kinetic values obtained by keeping cosubstrates at saturated levels 
b Saturating levels of malonyl-CoA were not achieved 
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Figure 6: I-TASSER models of BCCP1(green), BCCP2 (blue), BCCP domain of MCCA 
(gray), BCCPL1 (purple), BCCPL2 (yellow), and BCCPL3 (wheat) compared to the known 
NMR solution structure of Pyrococcus horikoshii (PDB ID: 2D5D). All models are shown in 
the same orientation with the biotinylated lysines shown in red. 
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Figure 7: A) I-TASSER models of the highly conserved C-terminal domains of BCCP1 
(green), BCCP2 (blue), BCCPL1 (red), BCCPL2 (yellow), BCCPL3 (orange). Biotinylated 
lysines and the corresponding glycines have been shown as sticks (top of models). B) 
ClustalW alignment of BCCP1, BCCP2, BCCPL1, BCCPL2, and BCCPL3. The conserved 
lysine of BCCP1 and BCCP2 along with the corresponding glycines of BCCPL1, BCCPL2, 
and BCCPL3 are denoted (‡). 
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Figure 8: Site directed mutagenesis analysis of BCCPL isoforms. A) Coomassie blue staining of BCCPL1(a)  BCCPL2 (b)  
and BCCPL3 (c). Identical SDS-PAGE gels were run for western blot analysis using either B) polyhistidine tag specific 
antibodies or C) biotin specific antibodies. Note: (d) is native E. coli BCCP present in all samples. 
 
 
1
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CHAPTER IV: GENERAL CONCLUSIONS 
 
Conclusions 
 
 
Biotin-dependent carboxylases at a fundamental level catalyze the same chemical 
reaction; hydrolysis of ATP and the carboxylation of a substrate. Although thought to be 
related evolutionarily, this large family of enzymes has diverged to be utilized in a wide 
array of both anabolic and catabolic pathways in primary and secondary metabolism. 
They have accomplished this metabolic diversity through their quaternary structure 
organization, subcellular location, and through a complex set of regulatory elements. The 
multisubunit nature and genetic diversity of htACCs have made it in interesting enzyme 
to study. As knowledge is gained in each of these respects, the ability to harness their 
potential in drug discover, herbicides, and biorenewable chemicals increases.  
Study of the structural diversity of htACC from Arabidopsis was accomplished in 
this dissertation by establishing a heterologous expression system in E. coli that allows 
for the expression of individual subunits as well as subunits in concert with one another. 
Chapter II discussed in detail the truncation of cloned ORFs from Arabidopsis as well as 
their optimization of expression and purification. In absence of known structures 
(crystallographic, NMR, etc.) molecular modeling of individual htACC and MCC 
subunits provided insight into potential differences in structures of BCCP1 and BCCP2, 
CTβ (serine or leucine at amino acid #265), MCCAS and MCCAL, and the BCCPL 
proteins. These in silico generated models provide a basis for the bench top studies that 
were conducted in this dissertation. Most experimental observations complemented the in 
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silico predictions with the possible exception of the BCCPL site directed mutagenesis 
study.  
Molecular modeling showed that BCCP1 and BCCP2 likely fold nearly 
identically at their highly conserved c-terminal biotinylated domain and display similar 
residues on the surface in the region surrounding the conserved lysine. Differences may 
be present in the variable and flexibly dynamic n-terminal domain of BCCP1 and BCCP2 
with BCCP1 being more hydrophobic than BCCP2. Circular dichroism indicated that 
both BCCP isoforms have similar secondary structure with distributions of α-helix and β-
sheets similar to those predicted in silico. Gel filtration studies of BCCP1 and BCCP2 
revealed that both isoforms exist as monomer, dimer, and hexamer in solution. 
Interestingly, two peaks corresponding to dimer in the FPLC chromatograms were 
present in both BCCP1 and BCCP2 indicating the potential for two unique 
conformations. BCCP2 also contained multiple peaks corresponding to its monomer 
suggesting that the monomer may have up to three unique conformations. These unique 
BCCP conformations were supported by native-PAGE experiments. As previously 
described, BCCP proteins tend to form soluble aggregates upon extraction (Choi-Rhee 
2003). Soluble aggregates of BCCP1 and BCCP2 in the 300-500 kDa range were 
observed in both gel filtration and native-PAGE. Interestingly, BCCP1 aggregated 
completely when in the presence of sodium chloride while BCCP2 was not affected by 
sodium chloride to any measurable extent. Mass spectroscopy and analytical 
ultracentrifugation were not able to further resolve the oligomeric state(s) of BCCP1 and 
BCCP2. Although IT-IM-TOF-MS suggested that both BCCP1 and BCCP2 may have a 
similar cross section at low charge states (fully folded) and ultracentrifugation 
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experiments support the idea of BCCP1 and BCCP2 dimers and a distribution of larger 
oligomers.  
Molecular models of CTβ S265 and CTβ L265 revealed that serine at amino acid 
position #265 may destabilize CTβ folding by creating a channel exposed to solvent 
while leucine at amino acid #265 may stabilize CTβ folding via hydrophobic interactions 
with side chains present on a nearby β-sheet. Although complexes of CTα-CTβ with 
serine or leucine present on CTβ were found to express in the soluble fraction in E. coli, 
only CT complexes containing CTβ L265 were stable during purification, and a large 
portion of CTα washed through during purification via poly-histidine tagged CTβ (S265). 
CT complexes studied further using native-PAGE revealed that both isozymes formed a 
stable complex around 480 kDa, but only CTα-CTβ L265 showed two new unique 
populations representing α2-β2 heterotetramers and α8-β8 hetero-16-mers. Chapter III 
found that only CTα-CTβ L265 remained stable for kinetics studies although this does 
not rule out the possibility of an active CTα-CTβ S265 complex as Arabidopsis has been 
shown to grow fine in the absence of the RNA editing gene RARE1 (Robbins 2009).  
MCCAS and MCCAL were also subject to molecular modeling that suggests that 
only MCCAL contains the α-helix conserved in all known crystal structures of BC. This 
suggests that, although MCCAS RNA is present in Arabidopsis at about 20% of MCCA 
RNA (Ding 2008), only MCCAL forms a stable protein. This was supported during 
heterologous expression and purification of MCCA from E. coli where it was found that 
MCCAS was located largely in the inclusion bodies while MCCAL remained soluble.  
Chapter III discusses the establishment of a platform for catalytic assays of both 
BC and CT half reactions. Although BCCP1 or BCCP2 were not successfully 
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incorporated into these assays to date, it remains an immediate goal. Additionally the 
kinetics assays provide a system to additional mutagenesis and structure/function studies. 
The kinetics assays performed in Chapter III did prove that the heterologously expressed 
proteins retain activity and therefore support findings from differential scanning 
fluorimetry (DSF) experiments. DSF showed that both BCCP1 and BCCP2 stabilize BC 
but BCCP2 stabilized BC to a greater extent. BC was also stabilized by the simultaneous 
addition of ATP and Mg
2+
 indicating that these substrates likely enter prior to biotin and 
bicarbonate. This agrees with mechanisms first proposed in E. coli BC where ATP 
coordinated by Mg
2+
 ions is hydrolyzed in the absence of biotin (Tipton 1988). 
Recent evidence from other studies suggests that the BCCPL proteins first 
described by Ding (2008) may interact with htACC in vivo in Arabidopsis (Feria 
Bourrelier 2010, Olinares 2010). Using molecular modeling BCCPL proteins were shown 
to possibly fold similar to BCCP1 and BCCP2. However, both primary and tertiary 
sequence alignments suggest that the conserved lysine has been replaced by glycine in all 
three BCCPL proteins. Site-directed mutagenesis on all three BCCPLs was performed in 
an attempt to create novel biotinylated proteins. After analysis with streptavidin-HRP 
western blots it was determined that these mutant BCCPL proteins remained free of 
biotin suggesting some other structural aspects are important for recognition by biotin 
protein ligase. 
In summary, biotin-dependent carboxylases including htACC and MCC from 
Arabidopsis contain a great deal of diversity in their structure and function. By 
understanding and exploiting this diversity, herbicides, antibiotics, and medicines may be 
created. Additionally, novel acyl-CoA carboxylases could be engineered leading to pools 
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of carboxylated acyl-CoA for the generation of novel fatty acids or polyketides of interest 
to the biorenewable industry. This dissertation has established a platform for future work 
in this regard.  
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APPENDIX  
 
COMPLEMENTAION STUDIES IN E. COLI 
 
Introduction 
Early on in this project, attempts were made to complement E. coli strains using 
htACC components from Arabidopsis. This would help confirm enzymatic activity of 
htACC components from Arabidopsis and may have lead to information regarding the 
function of BCCP1 and BCCP2 in holo-htACC. Initially, a temperature sensitive mutant 
containing the fabe allele in the gene accB (encodes BCCP) was used. This E. coli strain 
has been described in detail (Silbert 1976). Later, accB gene knockouts were generated 
using the Datsenko-Wanner method (Datsenko 2000). In order to capture this work, it has 
been included in the appendix. Complementation was attempted using both BCCP1 and 
BCCP2 alone and in concert with the other htACC components from Arabidopsis. 
 
Materials and Methods 
 
E. coli containing a temperature sensitive allele (fabe) within the gene accB 
(encoding BCCP protein) described by Silbert in 1976 were used in complementation 
studies defined as E. coli K-12 strain L8. The presence of the guanidine to adenine point 
mutation was confirmed by amplifying a fragment of the accB gene using the primers 
fabEf (5’- CCCACTCATGGATATTCG - 3’) and fabEr (5’ – TTACTCGATGACCAGC 
GG - 3’). PCR product was purified as described above and sent to the ISU DNA Facility 
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(Ames, IA). Sequencing was performed using fabEf and fabEr primers. Cultures were 
grown on LB agar plates at 30 
ο
C. Complementation studies were carried out using 
combinations of htACC components coexpressed in pCDFDuet and/or pETDuet vectors 
described in Chapter II (Chapter II, Table 2). In some cases media was supplemented 
with fatty acids (palmitic acid and hydroxy-myristic acid) and/or D-biotin (Sigma-
Aldrich, St. Louis, MO). Strain L8 cells were lysogenized using a λDE3 lysogenization 
kit (Novagen, Merck Biosciences, Whitehouse Station, NJ) and made chemically 
competent using the calcium chloride method (Seidman 2001). Testing for 
complementation was conducted at 42 
ο
C. Duplicate plates were streaked and grown at 
30 
ο
C and 37 
ο
C. Colonies that grew were picked for colony PCR using fabEf and fabEr 
primers. PCR products were purified and sent to the ISU DNA Facility to confirm the 
mutant allele had not reverted to wild-type. 
Additional complementation studies were attempted by generating fabe knockouts 
following the Datsenko and Wanner method (2000) by replacing the accB gene with a 
kanamycin resistant gene amplified from a pET30 vector using primers ECaccBF1 (5’ –
TACGGAACCCACTCATGGATATTCGTAAGATTAAAAAACTGATTGTAGGCTG
GAGCTGCTTCG - 3’) and ECaccBR1 (5’ –TACGGAACCCACTCATGGATAT TCGT 
AAGATTAAAAAACTGATTGTAGGCTGGAGCTGCTTCG - 3’) (ISU DNA Facility, 
Ames, IA). Knockout strains were grown in the presence of palmitic acid and β-hydroxy-
myristic acid. Complementation was attempted using the same combinations of htACC 
components in pCDFDuet and/or pETDuet vectors as described above. 
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Results 
 
Extensive attempts were made to complement mutant E. coli with a temperature 
sensitive allele in E. coli BCCP (fabE allele), which prevents growth at 42 
ο
C. Colonies 
were confirmed to contain the correct fabE point mutation via PCR and sequencing 
(Figure 1). Using pCDFDuet™ and pETDuet™ constructs defined in Table 2, htACC 
was reconstituted with either BCCP1 or BCCP2 using empty Duet™ vectors as control. 
Growth phenotypes were observed at low (30 
ο
C) temperatures where constructs 
containing BCCP isoforms or the holo-htACC grew better than wild type or the vector 
controls (Figure 2). Interestingly, BC-BCCP constructs inhibited growth when induced 
by 0.1 mM IPTG at 30 
ο
C. At 37 
ο
C only wild type, the vector control, and BC-BCCP 
constructs grew over a several day period while only wild type grew at 42 
ο
C. Ultimately, 
the reconstituted htACC constructs in the Duet™ system were unable to rescue the 
temperature sensitive allele. 
Due to lethality, complete gene knockouts are not available from the Keio 
collection of E. coli. (Baba 2006). Therefore, the Datsenko-Wanner method for one-step 
inactivation of chromosomal genes in E. coli K-12 was used to generate knockouts in the 
gene accB (encodes E. coli BCCP). A knockout strain was generated while 
supplementing fatty acids to maintain growth. Although generated and confirmed by PCR 
genotyping and sequencing (data not shown), successful transformation of htACC 
constructs proved difficult in the knockout strains. Therefore complementation was not 
achieved. 
 
125 
Conclusions 
 
The cause of failure of the temperature sensitive allele complementation studies 
remains unknown. Although a wide range of IPTG concentrations were assayed in the LB 
plate (0.01-1 mM), it is possible that expression levels of the htACC components were 
too low to complement or conversely too high and became toxic to the E. coli.  Much 
later, it was found that BC catalytic activity was only observed in vitro after the n-
terminal poly-histidine tag was removed (discussed in Chapter III). This may also have 
been a cause for failure to complement as all htACC subunits were expressed with in-
frame tags. The goal of this experiment was twofold. First, successful complementation 
would show that these heterologously expressed proteins were active in E. coli and 
second, it may have served as an assay for activity of BCCP1 versus BCCP2. Future 
studies would require the re-cloning of all the htACC subunits into Duet vectors with the 
n-terminal poly-histidine tags and c-terminal S-tags removed. Alternative E. coli strains 
could be utilized that induce expression under a different promoter such as the araBAD 
promoter that is inducible with L-arabinose. 
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Figures 
 
 
Figure 1: Analysis of the gene sequence of the fabe temperature sensitive allele in E. coli 
K-12. A) Confirmation of a guanidine to adenine mutation by Sanger sequencing (ISU 
DNA Facility). B) Sequencing was performed both pre-transformation of htACC 
constructs and also after completion of complementation experiments. C) Sequencing 
was translated to amino acid sequence to confirm the presence of a serine to glycine 
mutation. 
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Figure 2: Complementation at fabE temperature sensitive allele. Plates were scanned 
after 48 hours growth at the temperature noted. The top three plates contained only 
antibiotic, the middle three plates contained antibiotics and 0.1 mM IPTG, while the 
bottom three plate contained antibiotics, 0.1 mM IPTG and 1 mM biotin. Sections of 
plate are kept at the same orientation and follow the key on the right where ACC 
(BCCP1) represents a fully reconstructed htACC containing BCCP1 isoform and ACC 
(BCCP2) represents a fully reconstructed htACC containing BCCP2 isoform. 
 
 
 
 
